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SYNOPSIS 
This thesis describes the continued development of a 1m diameter ring shear and its 
performance in shearing sands against steel interfaces. The ring shear was originally 
developed as a means of investigating pile-soil interaction in the laboratory. A ring 
shear was developed because it should, in principle, be able to apply more uniform 
stresses to the interface than shear box or simple shear equipment which are 
commonly used to conduct interface tests. In addition, a ring shear can shear the 
sample to an unlimited displacement The prototype ring shear was designed and 
constructed by Tabucanon (1997). The ring shear was made large to minimize the 
strain variation from the inner radius to the outer radius and to facilitate the placement 
of instrumentation within the shearing interface to record the loads acting on it. 
Tabucanon (1997) began the shake down process by conducting eight tests to show 
the loading system was able to apply the specified loads to the interface, the shearing 
system worked and that the load cells within the interface returned realistic data. The 
shake down process was continued during this thesis and it was found that further 
development of the extrusion seals, the control system, some instrumentation, facets 
of the loading system and the sample preparation method was required. In addition, 
the modifications made to the extrusion seals were found to induce large frictional 
stresses into the ring shear system, which were transferred to the gear box and caused 
its supports to fail (twice!). To overcome this, the structure of the reaction frame had 
to be re-designed. 
Once the modifications had been completed, the performance of various components 
of the ring shear was assessed. Assessments were made on the drift in the data from 
the instrumentation over time, some effects of the sample placement method, the rate 
of shearing, stress uniformity on the interface, the effects of sample height and the 
method of load control. It was found that the stresses recorded by the load cells 
varied due to geometrical imperfections in the sample container and the loading ring. 
The stress variations increased as the sample height decreased. As a result, it was 
possible that the average normal stress recorded by the load cells did not represent the 
actual normal stress on the interface, fhis was found to be especially significant 
when a thin sand sample was sheared against the smooth interface. There was some 
difficulty interpreting the peak stress ratio and vertical displacement data when the 
normal stress on the interface was not represented well. Although the stresses around 
the sample could vary considerably, the stresses la the immediate vicinity of each 
individual load cell were inferred to be relatively uniform. This was an important 
feature because it allowed the trend from the average interface data over a number of 
tests to fit well with plane strain theory. It also allowed favourable comparisons with 
data from similar shear box and simple shear tests. It was concluded that the ring 
shear performed well, although further modifications could be made to improve its 
performance. 
As part of the assessment of the ring shear's performance, a numerical model of an 
idealised ring shear system was constructed. The purpose of the numerical model was 
to investigate the stress distributions on the confining structure. A limited parametric 
study was also conducted to investigate how the sample's height, its radius, the elastic 
modulus and the method of load control affected the boundary data. It was found that 
the stress distribution over the area occupied by the interface load cell became 
increasingly uniform as the sample height, thus wall friction, decreased. Wall friction 
was found to affect the total interface loads when the target load was applied to the 
top of the sample, but had no effect when the target load was controlled at the 
interface. The effect that the radius of the sample had on the radial component of the 
shear load across the interface was of some interest. A radial shear stress component 
had been observed in the experimental data but was found to have little influence on 
the resultant shear stress. The tangential component of the shear stress, measured by 
the load cells in their original orientation, was considered to represent the resultant 
stress well. However, the numerical analysis suggested that the radial shear stress 
component would be larger when the diameter of the ring shear reduced. It was 
inferred that the radial shear stress component could have a significant effect on the 
data obtained from standard ring shear devices. 
The large ring shear was then used to conduct monotonic constant normal load (CNL) 
tests shearing silica and calcareous sands against rough and smooth interfaces. These 
tests were designed to obtain basic strength and deformation parameters for these 
sands. It was found that the peak and residual stress ratios were slightly affected by 
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the sample height and the applied normal load. Crushing of the sand particles during 
shearing was inferred to cause this effect. Some data showing the vertical 
deformations of the sample were also presented. Results from a limited number of 
cyclic tests were presented to show that good quality data could be obtated. One 
interesting result from these tests was that the vertical displacements recorded during 
monotonic shearing after cycling was completed were almost identical when 
displacement-controlled tests were cycled to the same cumulative shear displacement. 
While the number of tests conducted was not sufficient to make any substantive 
claims, it is possible that these data may shed some light on the stress-strain behaviour 
of sand sheared against an interface. Some constant normal stiffness (CNS) interface 
tests were conducted to show that these conditions could be accurately applied to the 
interface. It was found, as expected, that the stresses increased on the interface when 
dilation occurred and reduced as the sample contracted. In the limit the normal stress 
on the interface could reduce to zero if there were sufficient contractions in the 
sample relative to the applied stiffness. The ring shear was also used to assess factors 
affecting particle crushing adjacent to the interface during long distance shearing. It 
was found that the fines content increased as the work input to the interface increased. 
Once any dilation had ceased, the samples were also observed to contract in 
proportion to the work input. 
A total of 135 ring shear tests were performed during the performance testing and data 
gathering process. 
Monotonic CNL interface tests were conducted using a modified shear box as a 
prototype for the interface load cells and to provide data for comparison with the ring 
shear data. The shear box was modified to prevent the top half of the shear box from 
lifting off the base and a load cell was embedded in the interface to directly record'the 
stresses. The modified shear box was intended to facilitate CNS and cyclic testing in 
which sample extrusion between the halves of the shear box can have a significant 
effect on the data. During the CNL tests, the shear stresses recorded by a proving ring 
external to the sample werej&und to be significantly greater than expected. This was 
inferred to be caused by the total normal force on the interface increasing to maintain 
equilibrium with the applied vertical load and the shear stresses generated on the 
walls of the shear box. As a result neither the external or interface results could be 
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directly compared with ring shear data. Several attempts were made to reduce the 
effects of wall friction on the interface stresses, none of which was successful. Some 
CNS and cyclic tests were also conducted and it was found that the modifications to 
the shear box designed to allow these tests to be conducted actually hindered its use. 
In total, 174 shear box tests were conducted during the thesis. 
Thus, the ring shear was observed to better perform sand-steel interface tests in 
comparison to the shear box tests. Data from ring shear were compared with results 
from similar tests using the standard shear box and a circular simple shear. The ring 
shear was found to perform favourably in comparison with the other tests. 
Although no attempts were made to model pile-soil interaction using the ring shear, as 
for which it was purposely constructed, some consideration was given to how such 
tests may be performed. 
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CHAPTER 1 
INTRODUCTION AND LITERATURE 
REVIEW 
1.1 Introduction 
A prototype of the ring shear was constructed at the University of Sydney from 1993 
to 1997 and is described by Tabucanon (1997). The work reported in this thesis 
describes the further development of the apparatus and its use to investigate some 
aspects of sand shearing against a steel interface. 
In principle, the in-situ behaviour of sand shearing against an interface can be 
simulated more closely using a large diameter ring shear device than other equipment 
because the ring shear is capable of applying more uniform stresses and strains to the 
sample. In addition, the size of the large diameter ring shear allows instrumentation 
to be incorporated that record loads directly at the interface. In contrast, the interface 
stresses in tests using most other apparatus are back-figured from the loads recorded 
at the boundaries of the sample. The ring shear was constructed as a tool for 
investigating pile-sand interaction. However, prior to this stage, the performance of 
the ring shear requires validation. A large portion of this thesis reports the tests 
conducted to assess the performance of the ring shear. Attempts were made to model 
reported in-situ pile data using the ring shear. Results from these tests are also 
discussed. 
The tests conducted during this thesis were limited to shearing dry silica and 
calcareous sands against rough and smooth steel interfaces. As the apparatus has not 
been made waterproof wet sand and clay samples could not be used in order to protect 
the instrumentation from corrosion. 
1.2 Background 
Around Australia an increasing number of structures have been constructed offshore. 
Many of these structures are supported on piled foundations. Traditionally the piles 
were installed by driving them into the soil, a process that worked well in silica sand 
and clay deposits. However, it was found that piles driven into calcareous sand 
deposits did not perform as well. For example, Angemeer et al (1973) found that the 
axial capacity of a pile driven into a calcareous sand deposit was about 10% of the 
predicted capacity, calculated using the standard design methods of the time. A 
similar situation was reported by King & Lodge (1988) to occur at the site of the 
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North Rankin gas platform, in the Northwest Shelf region off the coast of Western 
Australia in 1982. The cost of remediating the foundation to attain the design 
specifications was in the order of $300,000,000. 
Since then, a great deal of research has been channelled into the study of offshore 
foundation systems with the aim of improving our understanding of the mechanisms 
involved so as to improve methods of design. In Australia, much of the research has 
been focussed through the Centre for Offshore Foundation Systems (COFS). 
Experimental research carried out by members of COFS includes the study of model 
foundation systems and components of a foundation system. Such studies, both in 
Australia and internationally, have led to improved design methods. However, these 
design methods are still largely empirical in nature (e.g. Jardine 1996), and strictly are 
only relevant to soil conditions similar to those in which the research was conducted. 
Further improvements in pile design are likely to require a better understanding of the 
mechanisms governing the pile's shaft capacity. 
The failure of the piles driven into calcareous sand to reach their design capacity has 
been attributed to the normal stress on the shaft reducing during the driving process 
(e.g. Datta et al 1979, Lu 1988). It is generally believed that grain crushing during 
pile driving leads to volumetric contraction adjacent to the pile shaft, which causes the 
normal stress to reduce. One approach that has been used to investigate effects of 
volume change adjacent to the pile-sand interface in the laboratory is the constant 
normal stiffness (CNS) technique. In the CNS technique a linear relationship is 
imposed between the vertical displacements that occur during laboratory direct shear 
tests and the normal stress applied to the sample. The application of CNS conditions 
to a soil-structure interface generally involves the modification of standard direct 
shear apparatus such as the shear box, simple shear and ring shear. 
The modification of an apparatus to allow CNS tests to be conducted is not a 
straightforward process. The maximum shear stress mobilized along an interface in 
CNS tests will be affected by the uniformity of the stresses and strains imposed by the 
apparatus on the sample as well as the selected parameters governing CNS behaviour. 
A review of the effects that the various direct shear apparatus have on the stresses and 
strains within the sample is presented in the following sections. The review is 
"IT 
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accompanied by a discussion of CNS theory and its appl ication to the model ling of 
pile-sand interface behaviour. 
1.3 A Review of Laboratory Interface Test Apparatus 
1.3.1 The Shear Box Test 
Historically, most interface tests have been conducted using a modified shear box. A 
diagram of a typical shear box is shown in Figure I X In general, a construction 
material is placed in the bottom half of the shear box, the soil sample is placed in the 
top half and they are displaced horizontally relative to each other. This method has 
been used, amongst others, by Potyondy (1961), Kulhawy & Peterson (1979), Desai et 
al (1985), Boulon & Foray (1986), Al-Douri (1992) and Tabucanon (1997). 
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If soil extrusion occurs, the shear stresses back calculated from the measured torque 
required to shear the soil ^ H be under-predicted. From the results of analysis and 
experiment, La Gatta found that the errors^induced by soil extrusion reduced as the 
ratio of the inner to outer radii approached unity. Soil extrusion becomes a greater 
problem if CNS tests are to be conducted. Tika (1999) has observed soil extrusion to 
occur during CNS tests. Soil extrusion affects the apparent volume changes of the 
soil hence the stress increments applied to the soil through the CNS condition. Soil 
extrusion will cause the stress increases due to dilation to be under-predicted and will 
over-predict the stress decreases due to contraction. 
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applied at the sample boundary. In order to interpret the data accurately, load cells- are 
embedded within the interface to directly measure the normal stresses mobilized on it. 
The shear stress on the interface is back calculated from the torque required to 
displace it. Gennaro & Lerat used their ring shear in a different manner to other 
researchers. They applied an initial normal stress to the sample as per usual, but as 
shearing progressed they allowed the normal stress on the interface to vary as it 
pleased. Although this procedure is conceptually similar to conditions surrounding an 
in-situ pile, it is more difficult to isolate significant parameters than if CNL or CNS 
tests had been conducted. 
The design and construction of the prototype SU ring shear were described by 
Tabucanon (1997). The inner and outer radii of the sample container were 479mm 
and 521mm respectively. This caused a radial strain variation of 8.8% from the inner 
to the outer radius to occur, which is much less than within the other available 
apparatuses. Another reason for constructing a large ring shear was to allow load 
cells to be placed within the interface to directly record the shear and normal stresses. 
The sample is fully contained above the interface plates minimizing soil losses. 
Vertical loads are applied to the top of the sample and shear displacements are applied 
by rotating the interface. 
1.4 Factors Affecting the Shear Capacity of a Sand-Structure Interface 
It is commonly accepted that the shear stress mobilized along an interface can be 
described using Equation 1.4.1. 
t = atanS 1-4.1 
where 
T = shear stress 
a = normal stress 
S = friction angle between the soil and the interface. 
Noorany (1985) and Al-Douri (1992) have inferred the results of laboratory tests 
could be fitted by Equation 1.4.1 while Lehane et al (1993) showed data from the 
shaft of a highly instrumented pile also was fitted by Equation 1.4.1. 
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].4J The Interface FrlctionAngle 
The early laboratory element tests were conducted to determine interface friction 
angles (eg. Potyondy (1961), Brummunds & Leonards (1973). Other researchers, eg. 
Kulhawy et al (1979), Yoshimi & Kishida (1981), Desai et al (1985), Dover et al 
(1986), Uesugi et al (1986a, 1986b, 1988, 1989), have conducted parametric 
laboratory tests to assess the effect of various factors on the interface friction angle. 
Results from these tests showed that mineralogy affects the interface friction angle, 
and that increasing particle angularity increases the friction angle. However, the 
major factor affecting the interface friction angle was found to be the relative size of 
the sand particles to the surface roughness of the pile. Kulhawy & Peterson (1979), 
Lehane et al (1993) and Uesugi et al (1986b) have defined the relative roughness of 
the sand to the pile surface in various ways. Irrespective of the definition, the 
interface friction angle was shown to increase as the relative roughness between the 
structural surface and the sand increased. 
A typical plot of coefficient of friction against normalised roughness for Toyoura, 
Seto and Fujigawa sands is shown in Figure 1.8. 
The interface friction angle has been found to vary from about half of the inter-
particle friction angle (Yoshimi & Kishida) along a smooth interface to the internal 
friction angle of the sand (Kulhawy et al, Uesugi et al) near a rough interface. 
Density and normal stress were not found to affect the friction angle on a smooth 
interface (Yoshimi et al 1981, Uesugi et al 1986b), but can affect the apparent friction 
angle near a rough interface. Near a rough interface shearing is forced to occur in the 
soil (Uesugi et al 1986b), hence the density and normal stress actually alter the 
internal friction angle of the soil and not the interface friction angle (Kulhawy et al, 
Desai et al, Tejchmann et al, 1994). 
The moisture content of silica sand has been shown to have no effect on the interface 
friction angle by Uesugi et al and Hungr & Morgenstem (1984), but Potyondy (1961) 
found the friction angle reduced with increasing moisture content. However, the 
interface fraction angle of calcareous sand and weathered material may be more 
susceptible to moisture content. Coop (1999) showed that wet calcareous sand and 
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weathered granite particles have less strength than if they were dry. The interface 
friction angle may reduce because the soil strength has been altered. Also, these soils 
are more susceptible to crushing when wet. In contrast to strength reductions due to 
the soil softening, the interface friction angle may increase if soil particles crush. If 
crushing occurs, the average particle diameter decreases thus increasing the 
normalised roughness and hence, the interface friction angle increases. 
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compressive volume changes in the soil adjacent to the pile. During cyclic loading 
Chow (1996) has also shown that the normal stress may decrease on the shaft of a pile 
founded in silica sand. The magnitude of the stress reduction was shown to depend 
on the type of cycling. The greatest reduction was observed during two-way cyclic 
loading and the least reduction during one way loading. In contrast, instrumented pile 
tests in silica sand have shown the normal stress can increase during monotonic 
loading (e.g. Puech et al (1979), Lehane et al (1993), Chow (1996)). 
Further evidence that volume changes adjacent to piles in sand vary the shear capacity 
can be inferred from test data reported by Tucker (1987). Tucker reports data from 
tension tests on concrete piles founded in granular material back to the 1940's. 
Selected data from Tucker's report are reproduced in Table 1.1 
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The Kh parameter relates the normal stress to the vertical stress when the peak shaft 
capacity has been mobilized. Tucker inferred that peak capacity was mobilized at a 
shear displacement of one inch. Some of the tests were not displaced to that distance 
so Tucker was required to infer the peak capacity from observed trends in these tests. 
If it is assumed that the sand was normally consolidated and elastic the initial ratio of 
the horizontal to the vertical stresses (Ko) is inferred to be in the order of 0.4 to 0.5 
depending on the method used. Most of the Kh values shown in Table 1.1 at the peak 
pile capacity are greater than these inferred initial values and increase with decreasing 
soil disturbance in the construction method. When the soil disturbance was 
minimized the density adjacent to the pile shaft appears to have been greatest allowing 
dilation at the interface and causing an increase in shaft capacity. At the other 
extreme, vibrated sand backfill around piles constructed using casing appears to be in 
a loosened state as the Kh value reduced below the initial value during loading. The 
minimum Kh values approached the value of the Rankine active earth coefficient, 
whereas the maximum Ks values were considerably less than the Rankine passive 
earth coefficient. 
Constant normal stiffness testing was introduced as a means of modelling the effect of 
volume change in the sand adjacent to a pile shaft on the normal stress acting on it. 
CNS testing was initially developed to assess the shear capacity of rock joints. Ooi 
(1989) gives a brief history of the development of CNS test apparatus. The first 
reported CNS device appeared in 1968 and consisted of a proving ring placed above 
two sections of rock to resist vertical displacements as the rocks were sheared against 
each other. Since then CNS test equipment has become more sophisticated. 
Johnston et al (1987) conducted CNS tests modelling a pile founded within siltstone. 
They found that the peak shear stress back figured from in-situ pile tests was 
predicted reasonably well by laboratory CNS tests. A comparison of measured with 
predicted results is shown in Figure 1.9. 
The relative success of CNS tests on rock joints led to the approach being used to 
model piles founded in sand. A standard shear box was adapted for CNS sand-
structure interface testing by Valin (1985). The principle of the modified CNS shear 
box is shown in Figure 1.10. 
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Data from the investigation into the behaviour of the CNS shear box are presented in 
Chapter 4. The effects that modifications to the apparatus reported by Tabucanon 
(1997) had on the data are discussed. Data obtained from the interface load cell are 
then used to assess the performance of the CNS shear box. 
Data from shake down tests assessing the performance of the various components of 
the ring shear and sample placement process are presented in Chapter 5. These results 
are intended to show that the ring shear was performing adequately and was able to 
apply near plane strain conditions to the sample as well as causing near uniform 
stresses to form along and across the sample. Comparisons of ring shear and shear 
box data are also presented. 
Results from a numerical analysis of the ring shear are presented in Chapter 6. The 
sample was considered to be elastic and confined by rigid boundaries. The top 
boundary was allowed to translate in the vertical direction and the bottom boundary 
was allowed to rotate about the vertical axis through the centroid of the ring shear. 
Relative slip was allowed between the sample and the boundaries. The evolution of 
the stresses on the interface between the sample and the boundaries was constrained to 
depend on the incremental iljp displacements. The results of the numerical analysis 
were intended to provide a limited parametric study into the effects that the boundary 
conditions in the ring shear may have had on the stress distributions generated on the 
boundaries and to a lesser extent through the sample. It was not intended to model 
real soil behaviour. 
Data from monotonic CNL and CNS tests conducted using the ring shear are 
presented in Chapter 7. Some cyclic CNL test data are also presented. The 
significance of some of the observed trends is discussed. Procedures to enable 
reported pile-sand interaction to be modelled using CNS tests are also discussed, 
although such tests were not conducted. 
Conclusions and recommendations for further research and development are presented 
in Chapter 8. 
Development of a Large Diameter Ring Shear Apparatus and Us Use for Interface Testing -3fe 
Chapter 2 - CNS Shear Box and Ring Shear Apparatus 74 
CHAPTER 2 
CNS SHEAR BOX and RING SHEAR 
APPARATUS 
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2.1 The CNS Shear Box Apparatus ; 
The University of Sydney's CNS shear box was modified from a standard 60mm 
square device. The shear box was modified to apply CNS conditions to the top of the 
sample by AI-Douri, 1992. The modifications included mounting a spring beam 
beneath the loading frame for the reaction frame to bear against as vertical soil 
deformations occurred. Roller bearings were fitted to the top surface of the shear box 
to prevent the top half lifting off the base half during shearing. A sketch of the 
modified shear box system is presented in Figure 2.1. 
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Three load platens were used; a standard pinned platen, a 'smooth* fixed platen with 
an average surface roughness of 0.4um, and a 'rough* fixed platen having 03mm 
deep triangular grooves milled into it. The axial load cell bears against a ball in the 
centre of the pinned load platen, whereas it is screwed into the fixed load platen. The 
fixed platen was 59mm square, instead of the usual 60mm square, to allow the 
placement of lubricated rubber strips on the walls of the shear box. The fixed platen 
was not truly fixed as the load hanger to which it was attached had some limited 
freedom to rotate. A linear variable displacement transducer (LVDT) was placed 
above the reaction frame to record the vertical displacement of the load platen. The 
core of the LVDT sat inside the axial load cell. A second LVDT, shown in Figure 
2.2, recorded the relative horizontal displacement between the two halves of the box. 
A proving ring monitored the shear resistance transferred to the top half of the shear 
box from the interface. A LVDT was mounted within the proving ring to facilitate 
computer controlled data logging. The interface material consisted of a steel plate 
with 0.36mm deep triangular grooves cut into it. Reduced wall friction was achieved 
by placing 0.5mm thick rubber strips, having grease on one side, against the walls of 
the shear box. 
Figure 2.3 Exploded Cambridge Type Load Cell (after Stroud, 1971) 
The load cell was machined from a single block of 6065 grade heat treatable 
aluminium alloy. The load cell consists of an upper (A) and lower (B) rigid block 
connected by eight 0.8mm by 4mm webs. Active strain gauges are glued using epoxy 
resin to the webs and dummy strain gauges are similarly glued to the rigid blocks. A 
full description of the construction and wiring of the strain gauges to make up the 
shear, normal and moment circuits is given by Bransby (1973). The transducers 
record shear, normal and moment loads directly at the soil-steel interface. 
A 35mm square cap, cut to the same surface roughness as the interface, was fixed to 
the load cell such that its surface was level with the interface (Figure 2.2). The cap 
was located at the centre of the interface area and covered 34% of the shearing 
surface. 
The load cell was originally placed in the shear box to act as a prototype for the 
placement of similar load cells within the ring shear. Particular attention was paid to 
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the seal between the load cell and the interface. Tabucanon (1997) had sealed the gap 
between the load cells and the interface with silicon gel. However, the abrasive action 
of the sand was observed to erode the gel. This caused the shear load calibration to 
change. The gap between the load cell and the interface in the shear box was initially 
left unsealed. This was found to allow sand particles to jam in the gap, which affected 
the test data. Grease was then placed in the gap, which had the deleterious effect of 
attracting sand particles towards it. Finally, a 0.8mm thick rubber seal was used to fill 
the gap. The rubber was found to have a greater abrasion resistance that the silicon 
gel, which resulted in minimal erosion of it occurring during testing. 
Data from all of the instrumentation were logged using a PC. The Cambridge type 
load cell was powered by a 2V source and the axial load cell by a 5V source. Output 
from these cells required amplification to capture data over the stress range of interest. 
The LVDTs were all powered by a 5V source and did not require amplification. The 
data were transferred to the PC via a 16 bit A/D card. The A/D card was accurate to 
±1 bit. The stresses and displacements obtained for a 1 bit increment are presented in 
Table 2.1. 
Table 2.1 Resolution of the Stresses and Displacements 
Instrument Resolution 
Cambridge Type Load Cell 
Shear Load Circuit 0.15 kPa / bit 
Normal Load Circuit 0.24 kPa / bit 
Moment Load Circuit 3.23 kPa.mm / bit 
Axial Load Cell 0.33 kPa / bit 
Proving Ring 1.03 kPa / bit 
Vertical Displacement Transducer 0.0022 mm / bit 
Horizontal Displacement Transducer 0.011 mm / bit 
All of the tests were conducted at a shearing rate of 12mm per hour. 
2.2 The Ring Shear Apparatus 
The University of Sydney's (SU) prototype ring shear is shown in Figure 2.4. The 
ring shear was designed to minimize some of the limitations of earlier machines, 
discussed in the Literature Review. Features of the ring shear design were placement 
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of load cells directly at the interface, full sample confinement, minimization of soil 
losses while shearing and forcing the shear plane to form at the sample base. 
The development of the prototype ring shear has continued since 1997. Significant 
modifications to the structure of the ring shear, the loading system, the control 
systems and the instrumentation have occurred in this time. The MKJI ring shear and 
the developments that occurred to it are described in the following sections. The 
MKJI SU ring shear is shown below in Figure 2.5. Plan and elevation drawings of the 
ring shear are presented in Figure 2.6. 
The ring shear is comprised of four parts: 
• the ring shear assembly; 
• the normal loading system; 
• the shearing system; and 
instrumentation, data acquisition and control system. 
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The ring shear assembly comprises the sample confining structure and the reaction 
frame. The normal loading system comprises the loading ring and guides while the 
shearing system consists of the motor, gearbox and slewing ring. The 
instrumentation, data acquisition and control system are not shown in Figure 2.6 
2.2.1 The Ring Shear Assembly 
Figure 2.7 shows the fully built ring shear assembly. The sample is contained within 
the annular space created in between the inner and outer aluminium confining rings. 
The width of the annular space is 42mm.and its depth is 101.5mm. However, the 
range of sample heights is limited to 5mm-60mm due to the configuration of the 
loading system. The internal faces of the confining rings were hard anodised for 
abrasion resistance. 
Figure 2.7 Entire Ring Shear Assembly 
Figure 2.8 shows the sample assembly with the outer confining ring removed showing 
the interface, extrusion seal and load cell cap. 
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Figure 2.8 A View of the Interface 
Two sets of interface plates have been constructed; one with a rough surface and one 
with a smooth surface. The rough interface consists of eight mild steel arcs, 40 mm 
wide, with triangular grooves machined radially into them perpendicular to the 
direction of shear. The grooves were cut 0.36mm deep but the width of the cut varied 
across the interface due to the milling method. The width of the grooves was least at 
the inner radius and greatest at the outer edge of the interface. However, because the 
radius is large compared with the width of the sample the variation in width across the 
sample is small. The smooth interface also consists of eight mild steel arcs with their 
surface milled to a nominal roughness of 0.4|im. The steel arcs were bolted to a 
spacer ring, which can be seen more clearly in Figure 2.9. 
The interface plates have been dowelled to the spacer ring to enable their accurate 
placement and replacement. Similarly, the spacer ring was dowelled to its support 
The aluminium confining walls are dowelled to their supports and the supports in turn 
are dowelled to the reaction frame. The dowels allow the structure to be repeatedly 
stripped and rebuilt accurately maintaining small tolerances between the various 
components. The dowels were not present in the prototype device. Rebuilding the 
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prototype ring shear was a laborious task involving "clocking up" the various 
components relative to the centroid of the annulus. 
The outer extrusion seal is shown in Figure 2.8 adjacent to the interface. A similar 
extrusion seal exists adjacent to the inside of the interface. Each extrusion seal 
consists of eight arcs of polyurethane. The polyurethane was selected to have a low 
friction coefficient and high abrasion resistance. The extrusion seals were bolted to 
the load cell container. The extrusion seals in the MKII apparatus were modified 
from the original design. In the prototype model, the extrusion seal consisted of a 
44mm wide Teflon annulus that was fixed beneath the interface. The Teflon butted 
up against the confining rings to create a seal. Over time, the Teflon became 
damaged and failed to create an effective seal. Teflon had been used for its low 
friction and ease of manufacture. However, the Teflon was not durable enough. The 
first attempt to provide a more durable seal consisted of placing a polyurethane cord 
in slots between the slewing ring and the confining rings. The cord was found to 
Concertina during shearing, which allowed some extrusion to occur. The current 
extrusion seals were then constructed. The seals fit snugly beneath the confining 
rings and have a pocket milled into them to catch any soil that is ground between the 
interface and the confining rings. 
The load cell socket is shown in Figure 2.9. The interface load cells are placed within 
sockets machined into an 80mm high annular load cell container. The load cells are 
located remote from the interface. A spacer cap is fixed to the top of the load cell and 
the circular interface cap is fixed to the spacer. The load cells sockets were 
constructed in this manner to facilitate water proofing of the sample container. 
Currently the sample container has not been water proofed. 
The load cell container was bolted to a slewing ring. The slewing ring is shown in 
Figure 2.10. The slewing ring consists of a Rothe-Erde anti-friction bearing attached 
to a 1.164 m diameter gear sprocket. 
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Figure 2.11 The Reaction Frame 
The reaction frame consists of universal beam and column members constructed to 
resist bending, shearing and torsional loads. The reaction frame is bolted to the 
concrete floor using 16 M24 chemset anchors. A comparison with Figure 2.4 shows 
that the reaction frame used for the MKII ring shear has been modified from the 
prototype model. The section of the reaction frame supporting both the ring shear and 
the gear box is new, as is the cross bracing. The reaction frame was re-designed 
because friction between the modified extrusion seals and the confining rings had 
introduced large shear stresses into the system causing the gear box to shear the 4M12 
bolts holding it to the floor. The bolts were then upgraded to M20 size. 
Unfortunately, the forces transmitted to the gear box caused two of the bolts to pull 
out of the floor. Bates Pty Ltd, mechanical engineers, was commissioned to design 
the reaction frame shown above. This reaction frame has been proven to support all 
of the loads in the system. 
2.2.2 The Normal Loading System 
The normal loading system comprises a loading ring attached to a hydraulic jack that 
is guided on to the sample. Plan and elevation drawings of the loading ring are 
presented in Figure 2.12. 
T 
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The loading ring comprises a 41.7mm wide steel annulus with a centre line diameter 
of 1.0m. The steel annulus is stiffened using crossed universal beams. Eight arcs of 
steel plate, similar to those fixed to the interface, are attached to the underside of the 
annulus. The plates have been roughened using triangular grooves, 0.5mm deep. The 
grooves are designed to eliminate soil slip at the loading ring interface. Two normal 
load and two shear load cells are placed within the loading ring to record the contact 
stresses at the underside of the steel annulus. The four load cells are positioned at 90° 
to each other with the normal load cells placed diametrically opposite each other, and 
the shear load cells similarly. 
Four guide legs are fixed to the steel annulus at 90° to each other. The legs fit snugly 
into guides attached to the ring shear assembly. Cam rollers are fitted to the guides to 
permit the loading ring to freely move up and down, and to prevent the loading ring 
from rotating. The legs and guides fitted to the MKII model are substantially 
different to those used in the prototype model. Figure 2.4 shows the original legs and 
guides. Eight stub legs attached to the loading ring fitted into metal guides fixed to 
the ring shear structure. Pin rollers were attached to the inside of these metal guides 
to minimize friction. However, it was found that the legs grabbed the pin rollers in 
some of the guides. As the loading ring was supported by a pin joint at the jack, the 
jnpfcof the legs grabbing was to lower the loading ring at an angle. The loading ring 
then did not sit fully flush to the sample surface, particularly when thin samples were 
used. Bates Pty Ltd was also commissioned to redesign the loading ring. 
The loading ring is attached to the jack via a yoke. The jack is fixed to the reaction 
frame at the centre point of the ring annulus, which is most clearly shown in Figure 
2.11. The male half of the yoke is screwed on to the jack and has a rotating bearing 
embedded within it. The female half of the yoke is attached to a 140kN load cell, 
which is fixed at the centre of the underside of the universal beam cross. A pin joins 
the male to the female half of the yoke through the rotating bearing. The jack can 
apply a load of approximately 140kN, which is equivalent to a uniform stress of about 
l.lOOkPa. 
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The loading ring was manually moved into and out of the ring shear assembly using a 
rail mounted winch attached to the ceiling. 
2.2.3 The Shearing System 
The soil-steel interface is rotated Using a motor and gearbox system. A 0.18 kilowatt 
DC motor is connected to a reduction gearbox which drives the gear cog attached to 
the slewing ring. The motor applies a torque of 2.8Nm to the gearbox. The gearbox 
comprises a 3,095:1 ratio planetary gear unit and a 100:1 worm reducer. Thus a 
torque of about 866kNm can be applied to the spur gear cog. The ratio of the spur 
gear to the ring shear gear cog is 5.7:1. The motor and gearbox system has the 
capacity to mobilize a shear stress of about 6,900kPa at the interface, ignoring any 
frictional losses in the system. 
The motor speed can be adjusted under computer control to provide a rate of shearing 
ranging between 0 to 25mm per hour. The motor speed can be increased to 50mm per 
hour using manual control. The motor can perform instant reverse operations, 
although a lag exists between the motor reversal and reversal of the shearing plane 
due to the time taken for the cogs in the gear box to mesh in the opposite direction. 
2.2.4 Instrumentation, Data Acquisition and Control System 
The four load cells embedded within the shearing interface are Cambridge type 
contact stress load transducers, identical to that described in Section 2.1. The load 
cells are positioned at 90° to each other around the ring. A 0.5mm wide rubber seal 
exists between the load cell caps and the shearing surface to prevent grains jamming 
in the gap between the load cell cap and the interface. Each load cell occupies 0.65% 
of the shearing interface area for a total coverage of 2.6%. 
Normal and shear loads at the underside of the loading ring are measured using two 
small load cells. The contact surface of the load cells is circular with a diameter of 
20mm. Each load cell has a contact area of 0.24% of the loading ring surface. Thus 
the combined area of the two shear and normal load celfeis 0.48% of the loading ring 
surface. A 0.5mm thick rubber seal prevents sand jamming between the load cells 
and the loading ring. 
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The 140kN load cell at the underside of the loading ring provides a comparison with 
the data obtained from the normal load cells at the interface and loading ring, 
although its readings are affected by friction in the bearings of the guides. This load 
cell has been used in some tests to control the normal stress applied to the top of the 
sample. 
Four LVDTs were used to monitor vertical movements of the ring shear system. A 
30mm stroke transducer was attached to the jack. Feed back from this transducer was 
used for fine control of the loading ring displacement. Three 5mm stroke LVDTs 
were placed on top of the loading ring. These transducers measure the loading ring 
movements, which are considered to reflect the vertical deformation at the top of the 
sample. 
Two rotary potentiometers are fixed to the inner confining ring support blocks. The 
potentiometers record the rotational movement of the slewing ring, which can be 
correlated to the shear displacement at the centreline of the interface. The 
potentiometers were attached to 80mm diameter wheels. Two potentiometers were 
used because they each have an electrical dead band corresponding to a rotation of 
about 20°. They were offset from one another by 180° prior to testing so that the 
shear displacement was continuously read. The potentiometers are spring loaded 
against the confining ring support blocks because the load cell container was found 
not to be entirely circular. The potentiometers were fully fixed to their supports in the 
prototype model. As a result, they jammed against the load cell container at localised 
points causing the shear displacements to be incorrectly recorded. The MKII 
potentiometers are shown in 2.14. 
The load cells are powered by a 2V source. The low voltage was chosen to minimize 
noise and temperature effects. The LVDTs, potentiometers and 140kN load cell are 
powered by a 10V source. Cables attach the load cells to the data acquisition unit. 
The cables were constructed in two sections, each having a length of about lm. The 
sections were connected using a thin male to female joint allowing the joint to fit 
between the slewing ring and the support structure. A thin connection was used to 
allow it to fit between the confining rings and the slewing ring as the cable moved 
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during shearing. The joint also allowed the cables to be unplugged during long 
distance shearing to allow them to be unwound from around the slewing ring. 
Figure 2.14 Rotary Potentiometers 
The MKII ring shear was enclosed in a temperature controlled room. The temperature 
is set to 22°C, although the maximum daily variation in temperature was about ±2°C. 
The external windows of this room were blacked out because rays from late afternoon 
sun were directly hitting the ring shear, causing some load cell drift. Static electricity 
was also observed (and felt!) to build up in the ring shear structure. There were two 
possible explanations for the presence of the static electricity. The first was that static 
build up occurred due to the interaction of silica sand and the sample container during 
shearing. A similar phenomenon was observed during vacuuming of silica sand from 
the ring shear. Bolts of static electricity were observed to emanate from the vacuum 
cleaner to the authors steel capped boot. The second possible explanation was that the 
ring shear was acting as an aerial and attracting static electricity from an electrical 
substation that was located beneath the floor supporting the ring shear. In either case, 
the static electricity build up was found to cause some load cell drift. The build up of 
static electricity was minimised by placing earth straps around the ring shear, fixed to 
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the loading ring at four points. The straps were then attached to an earth remote from 
the ring shear. 
The data acquisition ^stem consists of a Hewlett-Packard (HP) 3456A digital 
voltmeter and a 3497A data acquisition unit. The 3456A is an integrating voltmeter 
with 10 ppm accuracy and 0.1 microvolt sensitivity. Guarding, filtering analogue 
inputs and digital averaging reduce noise effects. This system logs the data from all 
of the load cells, the rotary potentiometers and the LVDTs. The resolution of the 
readings is shown in Table 2.2. 
A schematic illustration of the control system is shown in Figure 2.15. The normal 
loads are applied through the loading ring by moving the hydraulic jack. The jack is 
controlled using a feed back loop between a MOOG valve in the jack and the 30mm 
travel LVDT attached to the jack's ram. 
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movements such as lowering the loading ring near to the sample surface prior to 
consolidation. 
The movement of the jack as well as the motor speed and direction are controlled 
using an analogue to digital (A/D) card. The A/D is a 12 bit converter and has a 
resolution of 4095 divisions of full scale. For the ±5V scale, each individual division 
(bit) is equal to 0.00244 volts. The system specification is ± 1 least significant bit 
(LSB). This means at zero volt input the system will read 2048 divisions for 90% of 
the time and will fluctuate between 2047 and 2049 divisions for the other 10%. The 
magnitude of the output voltage determines the rate of shearing while the sign of the 
voltage determines the direction of shearing. A manual over-ride is available for the 
rate and direction of shearing. 
The computer program controlling the prototype ring shear was developed to allow 
accurate control of the stresses at the interface or the top of the sample. Several fail 
safe routines were incorporated into the program to stop shearing and remove the 
normal load if an overly large change in the stress data occurred. 
2.3 Calibration Equipment 
The equipment used to calibrate the load cells in the MKII ring shear had to be 
modified to cope with the changes to the support structure. The equipment used to 
calibrate the normal and moment circuits of the interface load cells in the prototype 
ring shear consisted of a frame that straddled the support structure. Dead loads were 
applied at the base of the loading frame, which occupied space within the reaction 
frame. These spaces were filled when the reaction frame was modified. 
Calibration equipment was constructed to fit the MKII ring shear. The normal load 
rig is shown in Figure 2.16. The rig was designed to apply normal load to the load 
cell through a needle point located within the loading arm. Dead load was applied via 
a hanger placed at the end of the loading arm. The distance of the needle point to the 
support and the load source could be accurately measured so that the resultant load 
applied to the load cell could be calculated. The normal load cells in the loading ring 
were calibrated using the same equipment. The loading ring was lowered to an 
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appropriate height and the pivot point for the loading ring reversed so that the needle 
point was applying load to the underside of the loading ring. 
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The rig consisted of an arm fitted with a roller bearing. A cable was strung from a 
load hanger over the roller bearing and attached to a cap placed on the interface load 
cell. The arm could be vertically adjusted so that the cable was horizontal between 
the roller bearing and the load cell cap. The shear load cells in the loading ring were 
also calibrated using this equipment. 
2.4 Sample Preparation Equipment 
A purpose built sand rainer was constructed to facilitate sample placement in the 
MKII ring shear. A plan view of the sand rainer is presented in Figure 2.18. A 
photograph of the sand rainer is also shown in Figure 2.19. 
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The sand rainer consists of an annular container and a slip ring. Slots have been 
milled in the base of the container and the slip ring such that they can be offset from 
each other to close the rainer or aligned to open the container. Steel mesh having 
varying apertures can be placed within a pouch created beneath the slip ring to vary 
the soil density. A tightly woven mesh reduced the fall speed of the sand and 
increased the sample density. A loose sample was created when the mesh was 
removed. 
A vacuum rig was constructed to help create the target height of sand. The vacuum 
rig consists of a trolley attached to a vacuum cleaner. The trolley consists of a rolling 
frame and a vacuum extension. The wheels of the rolling frame were set at an angle 
so the trolley moves to suit the diameter of the ring shear. To ensure the trolley rolls 
on the correct path four bearings are fixed to the underside of the rolling frame and 
positioned to fit snugly against the internal faces of the confining rings. The vacuum 
extension was fixed to the rolling frame via a screw fitting. The screw fitting allows 
the vacuum extension to be accurately raised or lowered. A scale was attached to the 
trolley frame to facilitate the creation of repeatable sample heights. A photograph of 
the trolley is presented in Figure 2.20. 
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3.1 Material Properties 
Sydney silica sand and Barry's Beach calcareous sand were used for testing. 
Sydney sand is poorly graded and has medium grain size. The sand was coloured 
light brown and has been reported to have sub-rounded to sub-angular particles (Hull 
6131,1988). 
Barry's Beach sand is a bioclastic calcareous sand obtained from Bass Strait via 
Barry's Beach in Victoria. As part of a series of lateral loading tests of piles, samples 
of calcareous sediments were dredged from the vicinity of the Kingfish B and Halibut 
oil platforms located in Australia's Bass Strait. The dredged material was placed into 
a test pit excavated in Barry's Beach. As part of his thesis, Kelleher (1996) removed 
some of this material from Barry's Beach and shipped it to Sydney. The carbonate 
content of Barry's Beach sand has been reported to be 88% (Hull et al, 1988). To 
facilitate sample placement the bulk sand was sieved and particles not passing the 
3.175mm (l/8th of an inch) aperture sieve were discarded. The sand retained was 
poorly graded and had medium grain size. It is light brown to white in colour and has 
angular particles (Hull et al, 1988). 
Grading curves describing the particle size distribution of both sands are presented in 
Figure 3.1 and the data points presented in Table 3.1. The maximum and minimum 
void ratios for the sands are also presented in Table 3.1. Maximum and minimum 
void ratios were determined for both sands using ASTM 1987 standard methods. 
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'rodding'. The sand was then tamped down to achieve a smooth surface. The loose 
sand was placed using a funnel. The surface was men gently 'smoothed' using a fixed 
blade supported by the shear box walls. These methods were found to produce 
average relative densities of 1.14 and 0.55 for the 'dense' and Moose' samples 
respectively. The apparent relative density of the dense sample was greater than unity 
because the modifications to the apparatus made accurate measurements of the sample 
height difficult. The sample height was computed based on the height measured using 
a vernier calliper from the top of the loading platen to top of the shear box walls. 
However, it was difficult to place the vernier calliper vertically above the apparatus 
because the loading hanger and balance arm occupied much of the space above the 
load platen. As the recorded density is unlikely to represent the actual density of the 
sample it is reported in the general terms 'dense' and 'loose'. 
The test procedure was as follows. Lubricated strips were installed on the walls of the 
shear box if required, and then the sample was placed. The load hanger was placed on 
the sample and balanced with counterweights to remove the load from the sample 
while positioning the load platen fractionally above it. The counterweights were 
provided using an arm pivoting over a fulcrum, which was bolted to the loading 
frame. The horizontal and vertical LVDTs were then fixed in place. To conduct CNS 
tests, a mild steel spring plate having a known thickness and stiffness was placed 
within its support structure. The initial normal stress was applied by placing dead 
weights on a hanger for CNL tests or by screwing the loading frame against the spring 
beam for CNS tests. Shearing was then commenced. 
3.2.2 Ring Shear 
The sample was prepared by air pluviating it into the ring shear. The sand rainer had 
the same cross section in plan as the ring shear sample container. The sand rainer was 
clamped concentric to the ring shear container. The grooves at the base of the 
container were offset from those in the slip ring to prevent sand extruding through the 
rainer. The sample was placed in the rainer and its surface roughly levelled to 
facilitate even placement. The grooves were then aligned and the sand pluviated into 
the ring shear sample assembly. Dense and loose silica sand samples were prepared 
by placing mesh having various apertures in the slot beneath the slip ring in the sand 
rainer. Loose calcareous sand samples were prepared by raining the sand without the 
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use of the mesh. Dense calcareous samples could not be properly created because the 
larger particles became segregated ftom the finer particles during raining. The finer 
particles fell through the mesh first while the coarser particles were trapped on the 
mesh. As a result, tests were conducted using loose calcareous samples only. 
The mass of sand placed in the rainer was chosen such that a height greater than the 
target sample height was placed. This was found to be necessary as the raining 
procedure created an undulating surface. The sample was reduced close to the target 
height by stripping it down through multiple passes of the vacuum trolley. The 
vacuum process was found to create a slightly concave surface profile, with the height 
of the sample at the centre-line being lower than at the edges. The surface was then 
smoothed using a flat steel plate supported by the confining walls. The depth of the 
plate was then measured in order to compute the height of the sample prior to 
consolidation. 
The loading ring was positioned within the guide legs using the rail mounted winch 
and lowered slowly, at a rate of about 0.5m per minute, until the yoke hole was 
aligned with the hole in the tongue attached to the jack. A pin was fitted through 
these holes to connect the loading ring to the jack. The winch cable was then 
removed from the loading ring. Earth straps were connected from the ring shear 
assembly to the loading ring at four locations and the cables from the load cells in the 
loading ring were attached to the data logger. The 30mm stroke LVDT was attached 
to a bracket fixed to the jack tongue. As the stroke of the jack's ram was 50mm, the 
LVDT had to be placed within the bracket to suit the sample height. When the sample 
height was 10mm, for example, the distance between the base of the loading ring and 
the top of the sample was greater than the stroke of the LVDT. The LVDT was 
placed in the bracket so that its core was suspended at a suitable height above the 
jack's base. The hydraulic controller could then be used to lower the jack until the 
LVDTs core touched the jack's base while keeping the loading ring above the 
sample's surface. In contrast, when the target sample height was 40mm, the LVDT 
could be positioned in the bracket to allow its core to touch the base of the jack. The 
loading ring was slowly lowered using the manual feed on the hydraulic control box 
until small loads were registered by the load cells. The loading ring was then raised 
off the sample. The rate of lowering the loading ring was found to be critical in 
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forming a quality sample. As the loading ring was lowered it displaced a volume of 
air, which escaped though the gap between the loading ring and confining ring walls. 
The average width of the gap is about 0.15mm. Lowering the loading ring rapidly 
caused turbulence in the air beneath the loading ring because the air could not escape 
quickly enough. This turbulence disturbed the sample surface causing the uniformity 
of the initial normal stress at the interface to decrease. The sample surface was not 
disturbed when the loading ring was lowered at a rate of 0.5mm per minute. 
The loading ring was allowed to sit above the sample for about 5 minutes prior to the 
imposition of normal load to allow the load cell output to stabilize. It was observed 
that the output tended to drift from the initial zero values. Most of the drift appeared 
to occur within about 5 minutes from the start of reading. During this period, the 
5mm stroke LVDTs were fitted to the top of the loading ring. The load cells were re-
zero-ed to remove the effects of the initial drift. The test parameters were input into 
the control program and the initial normal stress was applied using computer control. 
The height of the sample post consolidation was calculated by recording the average 
height of the loading ring above the top of the confining rings, adding the depth of the 
sample container and subtracting the total height of the loading ring annulus. The 
sample density was computed by dividing the mass of the sample by the volume 
calculated from the post consolidation sample height and the volume of the grooves in 
the rough plates on the loading ring and the interface. Shearing was then commenced. 
At the end of each test the sample was removed using the vacuum cleaner and 
weighed to allow the initial density to be calculated. Some of the sand was attached 
to the underside of the loading platen. This material was also vacuumed up. The sand 
was removed from the surface of the loading ring to obtain an accurate sample mass. 
However, it was also found during the course of the shake down tests that if the sand 
was not removed from the loading ring then its presence could contribute to stress non 
uniformities at the interface, particularly when thin samples were used, by varying the 
height of the post-consolidated sample. 
A total of 135 ring shear tests were conducted for shake down, to assess the 
performance of the ring shear and to obtain reportable CNL and CNS tests. 
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Calibration of the moment load circuit could be done in two ways. An eccentric 
normal load could be applied to the load cell cap or the calibration constants could be 
back figured from the shear calibration data. 
The moment can be written in terms of the normal load and the eccentricity as shown 
in Equation 3.4. 
M • N.e 3.4 
Thus Equation 3.2 can be modified to give Equation 3.5. 
As the constant z\i had been calculated previously the constant an could be 
determined. A similar procedure was used to find constants &23 and 833. 
Alternatively, the data obtained from the shear load calibration at the three heights 
could be re-analysed in terms of the applied moment loading. The shear calibration 
constants for zero moment at the interface were known and a similar procedure to that 
outlined above used to obtain the moment load constants. This method was required 
to calibrate load cells aligned in the radial direction across the interface because the 
calibration equipment was unable to apply an eccentric normal load to the load cell 
cap in this direction. The joint between the needle point and the lever arm in the 
normal calibration apparatus had some (limited) freedom to allow fine adjustment 
over the load cell cap. However, there was not enough freedom to apply normal loads 
suitably eccentric to the cap in the radial direction. 
A comparison of the constants in the shear, normal and moment circuits obtained 
from moment calibrations using eccentric normal and shear loads are shown in Table 
3.2. 
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Table 3.2 A Comparison of Calibration Constants 
an (shear due to moment) 
a2i (normal due to moment) 
aj3 (moment due to moment) 
Applied Eccentric Normal 
Load Values (V/kPa.mm) 
1.89e-9 
2.59e-9 
-1.03e-7 
Applied Eccentric Shear Load 
Values (V/kPa.mm) 
-6.29e-9 
6.73©-10 
-1.06e-7 
Both methods of moment calibration were found to give similar moment circuit 
constants. The constants in the other circuits were not as similar. The difference 
between these constants is considered to be due to the manner of load application. 
These differences do not significantly affect the recording of the shear or normal 
stresses (see Equation 3.1) because the magnitudes of these constants are small. 
During the shake down tests on the ring shear, one of the load cells in the interface 
was rotated 90° to measure stresses in the radial direction across tie©interface. Data 
from these tests are presented in Chapter 5. The load cell oriented in the radial 
direction across the ring shear was calibrated in that direction but also in the 
tangential direction to assess whether the tangential stresses would affect the radial 
readings. With reference to Figure 2.3, a shear load applied at 90° to its intended 
direction will compress and extend different pairs of webs to those affected by loads 
applied in the usual direction. The calibration constants in the radial direction due to 
tangential loading were found to be around an order of magnitude less than the 
calibration constants found during the application of radial loads. However, as the 
magnitude of the tangential shear stresses during shearing was large, the tangential 
stresses significantly affected the radial data. The radial data were corrected to allow 
for the influence of the tangential stresses. In order to correct the data the tangential 
stress at the load cell oriented in the radial direction had to be inferred. This was 
achieved by multiplying its normal stress by the average stress ratio recorded by the 
other three load cells oriented in the tangential direction. The magnitude of the actual 
radial shear stress was computed by subtracting the component due to tangential shear 
loading from the raw radial shear stress recorded by the load cell. After the radial 
shear stress was corrected it was found to be about 25% of its raw value. 
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This effect will also occur in reverse. That is radial stresses will affect the tangential 
data. However, it will be shown in Chapter 5 that the magnitude of the radial stresses 
was small and their effect on the tangential shear stresses will not be significant. 
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CHAPTER 4 
SHEAR BOX DATA 
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4.1 Introduction 
Aa mentioned in the literature review, a standard shear box was modified by Al-Douri 
(1992) to allow CNS testing, and was also used by Tabucanon (1997). The apparatus 
was described fully in Chapter 2. Four roller bearings attached via arms to the base 
prevented the top half of the shear box from lifting off the base while allowing 
translation to occur. However, it was found that the peak and residual stress ratios 
obtained from constant normal load (CNL) tests using the modified apparatus were 
greater than those obtained using standard equipment Typical data from tests on 
silica sand conducted by Tabucanon (1997) using this apparatus are presented in 
Table 4.1. 
Table 4.1 Stress Ratio Data from Tabucanon (1997) 
Apparatus Peak Stress ratio Residual Stress ratio 
Standard (U9 532 
Modified 1.30 0.71 
The boundary stresses measured during standard shear box tests have been reported to 
be sensitive to the applied boundary conditions, e.g. Assadi (1975), Palmeira (1987), 
Jewell (1989) and Shibuya et al (1997). Wall lubrication, load platen rigidity, gap 
size between the top and bottom boxes, and vertical restraint of the top box have been 
shown to affect the measured stresses. Hence, it is not surprising that the restraint 
provided by the roller bearings affected the CNS shear box results. However, the 
cause of the increased stress ratios was not clear. 
This chapter presents results from tests designed to assess why elevated stress ratios 
were recorded by the instrumentation external to the modified CNS shear box. The 
assessment was based on comparisons of the external data and those recorded by the 
load cell within the interface for different shear box arrangements. 
Additional alterations to the CNS shear box during the course of these experiments 
were found to affect the value of the residual stress ratio. Data are presented from 
these tests and compared with results from sand-to-sand tests using the CNS shear box 
and interface tests using a standard 300mm square shear box. 
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4.2 An Investigation into the Behaviour of the Modified Shear Box 
The shear and normal stresses measured externally to (he shear box for dense sand-
interface tests using the standard arrangement (II) and that modified by Al-Douri (12) 
are compared in Figure 4.1. For the same normal stress applied to the top of tile 
sample, the 12 test with roller bearings, mobilized much greater shear stress. 
160 
A comparison of the shear and normal stresses measured by the interface load cell for 
the same two tests is presented in Figure 4.2. The shear and normal stresses over the 
load cell area increase during shearing reaching almost twice the magnitude of the 
average externally applied values of 140kPa for both test arrangements. During the 
test conducted using the standard arrangement the top half of the shear box was 
observed to rise up off the base. Thus, the load applied at the top of the sample was 
fully transferred to the interface. The elevated stresses recorded by the load cell 
embedded in the interface are believed to be entirely due to stress redistribution away 
from the gap that develops as the top half of the shear box lifts off the base. Although 
similar increases in the interface load cell normal stress were observed in the standard 
and modified apparatus a different mechanism was considered to cause the elevated 
normal stresses using the modified arrangement This mechanism is described in 
more detail below. 
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The external and interface stress ratio data obtained from the standard test (II) ate 
similar. The peak stress ratio was slightly higher at the interface than the average 
external value, but the residual stress ratios were identical. In contrast, for the 12 
configuration, the external stress ratios were much greater than those measured by the 
interface load cell, reflecting the increased shear stresses presented in Figure 4.1. The 
stress ratios measured at the interface were slightly different for the two shear box 
arrangements. The values of the peak stress ratio were similar, but the displacement 
to mobilize them was greater in the 12 tests than the II. Additionally, the interface 
residual stress ratio was greater in the 12 than in the II test. These results were typical 
of all tests conducted using these two shear box arrangements. 
One hypothesis to explain the elevated boundary shear stresses in the 12 tests is that 
sand grains become jammed between the interface asperities and the end walls of the 
top half of the shear box. However, in tests conducted by Tabucanon (1997) using the 
12 arrangement in which the top half of the shear box was offset from the base by 
4mm to avoid the grains jamming, the boundary shear stresses were still elevated. 
Another hypothesis is that the presence of the roller bearings introduces external 
friction loads into the shear box system. Frictional loads may have arisen through 
contact between the top half of the shear box and the base and/or through the contact 
between the roller bearings and the top half of the shear box. Friction between the top 
half of the shear box and the roller bearings was investigated by moving the top half 
of the standard (II) and modified (12) shear boxes over the base without applying 
normal load to the top half. The externally recorded shear stress without the roller 
bearings was l.SkPa whereas the shear stress rose to 4.5kPa when the roller bearings 
were placed. Clearly, the presence of the roller bearings alone was not enough to 
explain the elevated stress ratios. However, it is possible that friction against the 
roller bearings increased once shear and normal loads were applied to the shear box 
system. The influence of friction between the top and the bottom half of the shear box 
was investigated by hand shearing the apparatus, with the roller bearings removed, 
and various vertical loads applied to the top half of the shear box. The shear to 
normal stress ratio between the halves of the shear box was found to be 0.19. As this 
stress ratio is much less than that mobilized at the interface then, if the intra box 
frictional stresses are to be significant, the contact normal stress between the box 
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halves would have to greatly exceed the average normal stress. This is not believed to 
be the case. 
While grains jamming, friction and the elevated interface stress ratio are likely to have 
contributed to the elevated external stresses; it was considered that another factor 
might also have had an effect. The boundary shear load might have increased when 
the roller bearing restraint was provided as a result of the total interface normal load 
increasing during shearing. The normal load increases to maintain equilibrium with 
the shear stresses mobilized on the walls of the shear box as the sample dilates. A 
related effect has been observed by Shibuya et al (1997). They found the normal 
stress on the shearing plane was less than that applied to the top of the sample due to 
frictional stresses on the walls of their shear box. This also occurs in the Bishop type 
of ring shear (Bishop et al, 1971). A free body diagram of the forces acting on the 
soil in the top half of the shear box is shown in Figure 4.4. The direction of the shear 
stress on the walls is believed to be appropriate for loose sand even though these 
samples may on average compress throughout shearing. This occurs due to the 
rotation of the load platen. The load platen was free to rotate in these tests and was 
observed to always rotate in a counter-clockwise direction (as shown in Figure 4.4), 
so that the soil was forced to move upwards on the right hand wall. It has also been 
shown (Dyer, 1985 and Palmeira, 1987) that the majority of the boundary shear force 
is transmitted to the sample through the end wall (right as shown) of the shear box. 
The opposite wall of the shear box was assumed to be stress free because a gap 
between the sample and the shear box was observed to form during the tests. The 
direction and magnitude of the shear stress are expected to be similar for loose and 
dense samples. It was considered that a shear load could be generated along the 
surface of the loading platen. Although the shear force is shown heading to the left of 
page in Figure 4.4, the direction of the shear load on the surface of the Ioad_pIaten is 
uncertain. 
A relationship between the applied and interface normal forces can be obtained by 
taking vertical and horizontal equilibrium of the system. Equation 4.1 is derived if the 
shear load on the loading platen is in the direction shown in Figure 4.4, while 
Equation 4.2 is found if the shear load is in the opposite direction. 
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If there are no frictional forces between the two halves of the apparatus then 
Equations 4.1 and 4.2 give the ratio of the external to interface stress ratios. As the 
shear force on the load platen is likely to be less than at the interface, Equation 4.1 
predicts that the externally recorded stress ratios will be greater than those recorded at 
the interface unless there are no shear forces on the walls of the shear box. 
The residual stress ratio recorded at the interface in tests using silica sand was equal to 
0.60 in tests using the standard arrangement The friction angle on the walls of the 
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shear box was estimated to be 0.40, which was the value given by Uesugi et al 
(1986b) for silica sand sheared against a very smooth interface. If there were no 
stresses mobilized on the loading platen then Equation 4.1 predicts that the ratio of the 
interface to the external force will be 1.30. This value reduces towards unity as the 
stress mobilized on the load platen approaches the interface stresses. At the other 
extreme, if the co-efficient of fiMon on the load platen equals the interface value, 
Equation 4.2 vM predict the interface normal force is 1.63 times the normal force 
applied by the load platen. In comparison, the external shear stress data reported by 
Tabucanon (shown in Table 7.1) indicated that the peak external stress ratio (and thus 
the normal stress) was 1.65 times greater in tests using the modified shear box than in 
tests using the standard shear box. The ultimate external stress ratio was 1.37 times 
greater when the modified shear box was used than when the standard arrangement 
was employed. 
While the evidence is not conclusive, there is a strong indication that the elevated 
stresses and stress ratios observed in data from tests conducted using the modified 
arrangement were significantly affected by the normal stresses on the interface 
increasing as shear stresses were mobilized on the walls of the shear box. 
4.3 Attempts to Reduce Stress Ratios in Modified Shear Box Tests 
Alterations were made to the modified shear box in an attempt to minimize the effect 
of the shear stresses mobilized on the walls of the shear box. According to Equation 
4.1, the force transferred to the interface will equal the force applied to the top of the 
sample if the wall friction equals zero or if the shear stress along the face of the load 
platen was equal to that on the interface. Alternatively, Equation 4.2 predicts that 
shear stresses on the load platen will increase the interface normal force. Attempts to 
reduce the wall friction were made by placing rubber strips lubricated with grease on 
one side, against the walls. Attempts were made to alter the shear stress on the face of 
the load platen by conducting tests using pinned and fixed load platens with smooth 
surfaces, as well as using a fixed load platen having a rough surface. It was expected 
that the greatest shear stress would occur on the face of the fixed load platen with the 
rough surface. Different combinations of wall lubrication and platen type were used 
and are described in Table 4.2. 
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Table 4 .2 Apparatus Configurat 
Test Set 
11 (Standard) 
12 (Al-Douri) 
13 
14 
15 
16 
17 
18 
Test type 
Interface 
Interface 
Interface 
Interface 
Interface 
Interface 
Interface 
Interface 
on 
Platen type 
Pinned 
Pinned 
Fixed Smooth 
Fixed Rough 
Fixed Rough 
Fixed Smooth 
Fixed Rough 
Fixed Rough 
Upper box 
Vertical 
Restraint 
No 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Lubricated walls 
None 
None 
None 
None 
None 
Sides and Ends 
Sides and Ends 
Ends only 
Values of the peak and residual stress ratios from dense and loose tests using these 
arrangements are presented in Table 4.3. Because the initial densities varied, the teste 
reported below are referred to as dense or loose. Assessment of the effects that 
changes to the shear box arrangement had is based primarily on the residual stress 
ratio, as it is considered to be independent of the density. 
A comparison of the external shear stress data for dense tests using these shear box 
arrangements is shown in Figure 4.5. The externally measured residual stress ratio 
data showed that wall lubrication had no effect. There was no real difference between 
the results from tests using wall lubrication (16,17 & 18) and equivalent tests without 
lubrication (13 & 15). However, there was some doubt regarding the effectiveness of 
the lubricated rubber strips in reducing the wall friction as they were observed to ride 
up the walls during shearing, especially when dense samples were used. As dilation 
occurred, it is possible that the sand contacted the walls beneath the lubricated strips 
and transferred shear stress to the walls. In addition, the stress ratio between the 
lubricated rubber strips loaded through the sand against brass was found to equal 0.07, 
which rose to 0.16 when the lubricating grease was absent In any case, some shear 
stress was mobilized on the walls of the shear box, although the stress ratio would still 
be less than the value of 0.4 assumed in the analysis of the system for the case without 
lubrication. 
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Table 4.3 External and Interface Stress Ratios 
Configuration 
11 
12 
13 
14 
15 
16 
17 
18 
Relative 
Density 
0 
L 
D 
L 
D 
L 
D 
L 
D 
L 
D 
L 
D 
L 
D 
L 
External Data 
Peak 
Stress 
Ratio 
0.80 
0.65 
1.05 
0.78 
0.79 
0.73 
0.84 
0.68 
1.04 
0.83 
0.71 
0.82 
0.93 
0.83 
0.90 
0.79 
Residual 
Stress 
Ratio 
0.63 
0.62 
0.80 
0.75 
0.74 
0.74 
0.65 
0.65 
0.79 
0.84 
0.70 
0.75 
0.85 
0.86 
0.77 
0,78 
Initial 
Normal 
Stress 
(kPa) 
136 
135 
136 
134 
147 
155 
137 
133 
136 
138 
181 
149 
136 
138 
137 
138 
Interface Data 
Peak 
Stress 
Ratio 
0.87 
0.67 
0.88 
0.67 
0.70 
0.62 
0.84 
0.68 
0.84 
0.70 
0.73 
0.67 
0.80 
0.69 
0.77 
0.65 
Residual 
Stress 
Ratio 
0.63 
0.62 
0.67 
0.68 
0.60 
0.63 
0.66 
0.68 
0.69 
0.71 
0.63 
0.69 
0.70 
0.72 
0.67 
0.69 
Initial 
Normal 
Stress 
(kPa) 
121 
113 
137 
132 
157 
176 
202 
172 
201 
192 
164 
160 
171 
205 
190 
199 
In contrast, the type of load platen used in the tests did affect the residual stress ratio 
recorded externally to the shear box. The residual stress ratios in tests using the fixed 
load platen with the rough surface (15, 17 & 18) were greater than observed in tests 
using the pinned or fixed platens with a smooth surface (12,13,16). In addition, a test 
conducted using the standard arrangement but with the rough fixed load platen (14) 
produced greater residual stress ratios than in the standard arrangement (II). In terms 
Of the ample model of the shear box presented in Figure 4.4, the trend of increasing 
stress ratio with platen fixity implies that Equation 4.2 describes the stresses within 
the shear box better than Equation 4.1. 
These results imply that no amount of tinkering with the arrangement of the CNS 
shear fao*fe going to allow the externally measured data to closely approach those 
recorded at the interface. 
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Shear Displacement (mm) 
Figure 4.5 External stress ratios from tests of dense sand 
However, the stress ratios measured externally were found to approach those at the 
interface as the normal stress applied to the top of the sample increased. Stress ratios 
calculated from the external data are presented in Figure 4.6. As the normal stress 
applied to the top of the sample increased, the residual stress ratios were observed to 
decrease and approach the stress ratios recorded at the interface (see Figure 4.10). 
The scatter observed during the test subject to lOkPa normal stress was probably due 
to sand grains jamming between the end walls of the shear box and the interface. 
Jammed grains did not appear to effect tests conducted at higher normal stresses. 
As the normal stress increases, the total dilation will decrease. As a result, it could be 
inferred that there was less scope for stresses to form on the walls of the shear box, 
which allows the externally recorded data to become more similar to the data recorded 
by the interface load cell. 
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Shear Displacement (mm) 
Figure 4.6 The Effect of Stress level on the External Stress Ratios 
4.4 Observed Interface Phenomena Caused by Alterations to the Modified 
Shear Box 
The data obtained from the tests described above showed the alterations made to the 
CNS shear box affected the uniformity of the normal stress on the interface and the 
residual ftictional strength of the interface. 
4.4.1 Uniformity of the Normal Stress at the Interface 
Effects caused by changes to the shear box arrangement were first observed once the 
normal load had been applied to the top of the sample. The normal stress recorded by 
the interface load cell varied with the shear box arrangement. In particular the load 
platen fixity and the roughness of its surface were found to affect the data. A 
comparison of the normal stress applied to the top of the sample and that recorded by 
the interface load cell prior to the commencement of shearing is presented in Table 
4.4. The numbers in brackets are the normal stresses applied to the top of the sample. 
The column entries having two values of the interface normal stress correspond to 
tests conducted with (above) and without (below) the roller bearings. It can be seen 
that the presence or otherwise of the roller bearings did not influence the values of the 
initial normal stress. The initial normal stress, being compressive, forces the top half 
of the shear box down against the base and eliminates the roller bearings from the 
system. 
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Table 4.4 Initial Interface Normal Stresses (kPa) 
No Wall Lubrication 
All Walls Lubricated 
End Walls Lubricated 
Roug i Fixed Load 
Platen 
199 
201 
(136) 
170 
036) 
195 
(136) 
Smooth Fixed 
Load Platen 
154 
(150) 
164 
(182) 
Pinned Load 
Platen 
132 
135 
(136) 
Numbers in brackets are the initial external normal stresses (kPa) 
The normal stress recorded by the interface load cell greatly exceeds the applied 
external normal stress when the fixed load platen with a rough surface is used. 
Lubricating all of the walls of the shear box reduced this stress concentration but 
lubricating the end walls only had little effect. The use of pinned or fixed smooth 
load platens did not cause a stress concentration to appear. Similar trends were 
observed for tests on loose sand. It is believed that the shear stresses mobilized on the 
walls cause some local compressive strains that result in the stress concentrating away 
from the walls. This would not occur if the walls were perfectly smooth. It appears 
that the smooth and pinned platens allow the stresses to be redistributed so 
maintaining reasonably uniform initial conditions. 
The uniformity of the normal stress over the area occupied by the interface load cell 
can be inferred from the data supplied by the load cell's moment load circuit. Data 
from the moment load circuit are presented in Figure 4.7 in terms of the eccentricity 
of the load from the centre-line of the load cell. The load eccentricity is presented in 
Figure 4.7 for tests conducted using the standard (U) and modified shear box 
including the fixed load platen with the rough surface (15). The 11 data are typical of 
tests conducted using a pinned load platen, while the 15 data are typical of tests using 
the fixed load platen with the rough surface. 
The solid line shown in Figure 4.7 depicts how the load eccentricity would have 
developed had a uniform stress been distributed over the interface. The centre-line of 
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the applied load would have been initially co-linear with the load cell and then would 
have become eccentric to the load cell at the same rate as the sample displacement. 
The load eccentricity was always positive when the pinned load platen was used. This 
indicates that the position of the resultant normal load on the interface during shearing 
was changing relative to the centre-line of the sample contained in the top half of the 
shear box. This was considered to be a consequence of the observed load platen 
rotation. 
8-1 
- • - I I Dense 
Figure 4.7 Load Eccentricity on the Load Cell During Shearing 
In contrast, the load eccentricity observed when the fixed platen was used was 
initially positive but then became negative roughly in proportion to the shear 
displacement imparted to the sample. Sample dilation and some limited rotation of 
the fixed load platen were observed during these tests, which may have influenced the 
load eccentricity during the early stages of shearing. The data indicate that the 
distribution of the normal stress changed less when the fixed platen was used than in 
tests using the pinned platen. 
ITie normal stresses recorded by the interface load cell during these tests are presented 
in Figure 4.8. The normal stresses on the load cell showed less variation during tests 
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using the fixed load platen than during tests using the pinned platen. However, this is 
not necessarily an indication that the stresses were more uni form. It is suggested that 
the stress concentration observed at the start of the IS test was maintained throughout 
the test. It is not clear whether the stresses became more or less uniform on the 
interface as shearing progressed because the load cell did not cover the entire area. In 
contrast, the data presented in Figure 4.8 suggest the normal stress on the interface 
during the standard (II) test became increasingly non-uniform during shearing. As 
roller bearings were not used, the normal load at the top of the sample had to be fully 
transferred to the interface when the top half of the shear box lifted off the base. It 
was therefore not possible for additional stresses to be mobilized due to interactions 
with shear stresses on the walls of the apparatus. The observed increase in the normal 
stress had to be a result of a stress concentration. 
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Figure 4.8 Variation of the Normal Stress on the Interface Load Cell During 
Shearing 
4.4.2 Factors Affecting the Residual Shear Capacity of the Interface 
Previous studies have shown that the peak stress ratio mobilized during shear box 
tests can be influenced by the configuration of the apparatus (e.g. Assadi 1975, 
Palmeira 1987, Shibuya et al 1997). The effect that the apparatus configuration has 
on the residual stress ratio is not usually discussed, possibly because of uncertainty 
. . . - A— 
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regarding whether shear box or simple shear apparatus displace the sample 
sufficiently to reach a residual state. The residual state is often defined as when 
shearing occurs at zero volume strain. In so far as boundary measurements can 
ascertain, this state was reached in the shear box tests reported here. Comparisons of 
the data presented previously in Table 4.3 show that the residual stress ratios recorded 
by the interface load cell were affected by the arrangement of the shear box. 
The residual state was nominally chosen to exist at a shear displacement of 5mm to 
avoid the potential influence on the data of the end wall of the shear box approaching 
the interface load cell and because a residual state appeared to have been reached by 
this stage. The external shear and normal stresses and the vertical displacement were 
essentially constant at this displacement, although the shear and normal stresses at the 
interface load cell were not. Most of the tests had a 140kPa normal stress applied to 
the top of the sample. 
The stress ratios recorded by the interface load cell were greater when the modified 
apparatus was used (12 and greater) than for tests conducted using the standard 
arrangement (II). This trend was similar to that observed in the externally recorded 
data, although the relative differences between the standard and modified 
arrangements were less than those observed in the external stress ratio data. Like the 
external data, the interface stress ratios appeared to be unaffected by the presence of 
wall lubrication and were affected in the same way by the type of load platen used. 
Shibuya et al (1997) investigated the effects of the size of the gap between the shear 
box halves. They inferred from their data that a gap size less than the thickness of a 
fully formed shear band in the sand caused the stress ratios to increase. Further 
evidence that boundary conditions affect the residual stress ratio was presented by 
Budhu (1983). Budhu showed the greatest residual stress ratio occurred across the 
central third of a simple shear sample where the stresses were most uniform. The 
stress ratio calculated along the length of the device, where the stresses varied greatly, 
was smaller. To overcome these effects, Shibuya et al recommended a gap between 
me halves of the shear box in the order of 10 to 20 times the average particle size. 
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In addition, tests conduced using the CNS shear box, and its various permutations, 
showed that the residual stress ratio on the interface was greater during tests 
conducted using loose sand than in tests where a dense sample was prepared. The 
difference between loose and dense residual stress ratios was not large, typically about 
0.02, which equates to a difference in friction angle of about 0.8° using the inverse 
tangent interpretation. However, the trend was consistent for all tests, and in 
particular when a fixed load platen was used. Al-Douri (1992), Tabucanon (1997) 
and Chow (1996) have reported similar trends. 
Data typical of the observed trends are shown in Figure 4.9. Stress ratios from dense 
and loose tests using the 15 arrangement (roller bearings, fixed load platen, no 
lubrication) are presented in Figure 4.9. The normal stresses recorded by the interface 
load cell are also plotted. The residual stress ratio was greater in the loose sand test 
and, the normal stress over the load cell area was greater in the dense sand test than 
during the loose sand test. 
The normal stresses in the dense and loose tests shown in Figure 4.9 were not vastly 
different. In order to confirm that the magnitude of the normal stress affected the 
residual stress ratio, tests were conducted using the 17 shear box arrangement (roller 
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bearings, rough fixed load platen, all walls lubricated) on dense samples subject to 
normal stresses of lOkPa, 140kPa, 250kPa and 360kPa applied to the top of the 
sample. The stress ratios calculated from the interface data are presented in Figure 
4.10. Increasing normal stress reduced the residual stress ratios, and at normal 
stresses greater than 250kPa a limiting residual stress ratio of about 0.6 appeared to be 
reached. 
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zone to form within the shear box at the residual state, perhaps similar to the curved 
surface indicated in Figure 1.1. In such a case, the angles-of dilation (and hence the 
apparent stress ratio) may vary within tod shear zone. It is well known that increasing 
the normal stress decreases the dilation in sand, which would explain the observed 
reduction in the residual stress ratio as the normal stress increased. However, this 
hypothesis does not explain why the residual stress ratio in loose tests was greater 
than that recorded in dense tests, as the dilation should decrease as the sample's 
density reduces. 
Lupini et al (1981) suggested a different mechanism that could explain the variations 
due to density observed in the residual stress ratio data. They showed that, at Ifee 
residual state, sand could deform in a "turbulent" or "sliding" mode. The turbulent 
mode of shearing occurred when the sand particles had freedom to roll and move up 
and down. The sliding mode described the sand particles sliding over a surface 
without rolling or translation. The residual stress ratio was affected by the mode of 
shearing. The turbulent mode of shearing caused a greater stress ratio to form than 
the sliding mode of shearing. Lupini et al also observed the residual stress ratio 
decreased as the normal stress increased. They considered that increasing normal 
stress promoted a tighter packing of the sand, which enhanced the sliding mode of 
shearing. This mechanism also suggests that sliding deformations may occur in tests 
using closely packed dense samples and turbulent deformations may occur when loose 
samples are used. Thus, the residual stress ratio would increase as the density of the 
sample decreases. 
Palmeira & Milligan (1989) and Jewell (1989) have suggested that the relative scale 
of the shear box to the average particle diameter can affect the residual stress ratio 
data. As a comparison with the above data obtained using a 60mm square shear box, 
some interface tests were conducted using a 300mm square shear box arranged in the 
standard manner. The 300mm shear box was constructed by Farnell Testing Devices, 
England. The normal stress is applied to the top of the sample using a lever arm 
system and the base sheared against the top of the shear box. The top half of the shear 
box bears against a proving ring, which records the shear stress. The vertical 
displacement of the loading platen is recorded using a displacement transducer placed 
above it. 
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the modified 60mm square apparatus, which suggests that these trends are 
independent of the shear box arrangement. 
In contrast, data presented by Tabucanon (1997) from sand-sand tests subject to 
varying levels of normal stress, using a standard 60mm square shear box, did not 
show any relationship between the residual stress ratio, the density and the normal 
stress. It appears that the effects that normal stress and density have on the residual 
stress ratios were peculiar to sands shearing against steel interfaces. 
4.5 Implications for Interface Shear Box Tests 
The elevated external stress ratios observed by AI-Douri (1992) and Tabucanon 
(1997) appear to have been caused by a combination of factional stresses in the shear 
box system and increased stress ratios being mobilized on the interface. Both of these 
effects were caused by preventing the top half of the shear box from rotating and 
lifting off the base half of the shear box. The full effect of these modifications could 
be clarified by conducting interface tests where the normal load over the entire 
interface area is recorded. 
For interface tests subject to cyclic loading or a CNS condition soil must be prevented 
from escaping between the two halves of the apparatus. Simple attempts to modify 
the conventional shear box to conduct CNS tests do not appear to be justified, as these 
are likely to change the peak and residual stress ratios as well as the vertical 
displacement. More extensive modifications, such as a feed back servo-controlled 
loading system, would be required to apply CNS conditions accurately and may not 
be justified if other known limitations of shear box testing are taken into account 
It has been suggested by Jewell (1989) that the shear box should have a length of at 
least 50 times the average particle size diameters to minimize effects associated with 
non uniform stress distributions. Although the evidence presented above is limited, 
there is an indication that progressive failure may occur in shear boxes having much 
greater length to diameter ratios. The shear box used by Jewell had dimensions of 
254mm long by 152mm wide by 152mm deep, and prevented rotations of the top half 
of the shear box and load platen. Such an arrangement may well produce a more 
uniform stress distribution along the shearing plane than was observed during the tests 
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reported here. It is also possible that the ratio of the length to the width of the shear 
box significantly affects the stress uniformity at the shearing plane. 
Jewell & Wroth (1987) and Jewell (1989) have presented data to suggest that plane 
strain friction angles may be calculated from the average stresses and displacements 
observed in tests conducted using a modified shear box. Clearly, the results presented 
above suggest that the local stress and displacement fields vary considerably from the 
average within the standard sized shear box used for these tests. The mobilized 
friction angle will vary throughout the sample due to the non-uniform stress 
distribution, and may compromise the calculation of plane strain friction angles from 
direct shear data. Thus recommended interpretations based on simple shear 
deformation and assumptions of coincidence of axes of stress and strain that 
apparently work for symmetrical shear box arrangements may be misleading. 
Despite all the shortcomings it would appear that the standard shear box tests can still 
provide useful data on stress ratios. The average stress ratio is similar, but slightly 
lower than, that measured away from the boundaries, and the average stress ratio 
appears to vary at the residual state. However, the differences are not large and errors 
in the interpretation of the data will be small. Interpretation of peak data is less 
straightforward and has not been considered here, but some allowance must be made 
for dilatancy as discussed by Jewell (1989) and others. It should be noted that the 
average normal stress on the shear plane is simply that, an average, and conventional 
plots of peak shear stress versus normal stress are unlikely to provide reliable 
estimates of the peak strength envelope however the data are interpreted. 
It is clear that the CNS shear box used in these tests is not an appropriate device to 
investigate the behaviour of sand sheared against an interface. A more appropriate 
testing device is required to obtain better quality data. 
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volts per unit Stress rather than volts per unit force. The calibration constants for 
these load cells were typically about 0.5 microvolta/kPa. Thus an apparent drift of 
20kPa is actually a drift of 10 microvolts. Had the contact area of the load cell been 
greater, the calibration constants would have increased and the apparent stress drift 
would have reduced for the same microvolt change. If the diameter of the load cell 
cap were doubled then the significance of the drift would have reduced by a factor of 
4. In comparison, the drift observed in the data from the 140kN load cell was small 
because the calibration constant for the 140kN capacity load cell was calculated in 
terms of the entire surface area of the loading ring. The drift, and its effects, could be 
reduced in all of the load cells if the contact area were increased. 
Drifts that appeared to be periodic were attributed to imperfectly soldered joints. 
Soldered joints existed at the plugs joining the halves of each cable and at the 
connection to the data logger. Additional soldered joints were used to repair damage 
to the cable from load cell LC2. The maximum and minimum drifts in this case 
roughly corresponded with the hottest and coolest times of day. The drift in the 
soldered joints appeared to occur as a result of thermal expansion and contraction of 
the metal. In contrast, apparently random drifts of significant magnitude were usually 
an indication that a strain gauge had failed or come unstuck within the load cell. 
It was considered that drift in the data could be further reduced by using a radio 
recording system, or the like, which would remove the cables and their joints from the 
system. 
5.3 Achieving a Target Density 
The sand rainer was designed to create a uniform sample at a target density. The 
rainer pluviated sand through steel mesh into the ring shear. Varying the aperture of 
the mesh altered the density of the sample. It was found that the average density 
changed with the sample height. The unit weight of the samples was found to 
decrease with sample height as shown in Figure 5.6. The reduction of the unit weight 
with height may have been due to die reduced kinetic energy of the particles as the 
drop height became smaller, or may be due to the geometry of the container affecting 
the motion of the sand particles as they fell. 
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some scatter in the data is to be 
expected. 
Some scatter was observed in the data presented in Figure 5.8, particularly from tests 
140kN load cell ranged between 0.4 to 3 times the average interface values when the 
suggests that the average normal stress recorded by the interface load cells may not be 
accurately represented when samples less th 
5.4.2 Uniformity of the Interface Stresses During Shearing 
variation between the load cells was greatest when thin samples and the smooth 
interface 
samples, the rough interface and compressible sand were used. The test data are 
shown below. 
Normal stresses from each load cell and their average during a test shearing a 9.8mm 
mple against the smooth interface are shown in Figure 5.9. 
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using the smooth interface. Remoulding had the effect of increasing the uniformity of 
ss uniformity when calcareous sand 
was sheared against the rough interface. Results from a test conducted on calcareous 
normal stresses varied considerably, however, after a shear displacement of about 
at much lower stresses than silica sand. It seemed the compressible nature of the 
calcareous sand allowed the stresses to be distributed more even 
Shear Displacement (mm) 
Figure 5.11 Normal Stress Variation using Calcareous Sand 
Data from a test shearing a 40mm hight silica sand sample against the rough interface 
are shown in Figure 5.12. Again, the stresses were variable during the first 50mm of 
shear displacement. However, after this displacement the stresses were more uniform 
than was shown in Figure 5.10 for an equivalent test using a 10mm high sample 
The wide variation in the individual load cell normal stresses over the first 20mm 
shear displacement can cause a conflict in the interpretation of the stress ratio data. 
To illustrate this point, the ratio of the average stresses and the average of the stress 
ratios at the four interface load cells are plotted in Figure 5.13. The peak stress ratio 
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calculated from the average of the interface load cell data was greater than that 
calculated using the average stresses. 
200 250 300 
Shear Displacement (mm) 
Figure 5.12 Normal Stress Variation for 40mm High Silica Sand Sheared against 
the Rough Interface 
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These interpretations of the peak stress ratio may be considered upper and lower 
bounds to the data. During this test, the ratio of the average stresses was dominated 
by high normal and shear stresses recorded by load cell LC3. The peak stress ratio 
becomes suppressed as the normal stress increases. In contrast, the average of the 
load cell stress ratios was most heavily influenced by the low stresses recorded by 
load cells LC2 and LC4, which act to increase the peak stress ratio. However, the 
difference in the peak friction angle arising from each interpretation was only 2° in 
this case, which suggests that the effect of not representing the true average interface 
stresses may be small. The residual stress ratio was the same using either 
interpretation suggesting that the interface load cell data represented the average 
residual stresses well. 
5.4.3 Stress Uniformity Along and Across a Load Cell 
The uniformity of the stresses in the immediate vicinity of a load cell can be assessed 
from the load eccentricity data. The eccentricity recorded by the four load cells 
aligned to measure stresses tangential to the interface during a test shearing silica sand 
against the rough interface is shown in Figure 5.14. The eccentricity varied most 
during the first 20mm of shear displacement and then became stable. 
Shear Displacement (mm) 
Figure 5.14 Load Eccentricity Along the Load Cells in the Tangential Direction 
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Although the eccentricities were not equal to zero when they became stable, the 
stresses were considered to be uniformly distributed aeross the load cell cap at this 
stage. The eccentricities were not equal to zero due to complications arising from the 
calibration process. It is believed that the cap used to apply the moment load during 
calibration was not placed collinear with the load cell cap in the interface plate. Thus, 
what was zero eccentricity during calibration did not correspond to zero eccentricity 
on the interface. To apply the moment load relative to the centre-line of the load cell, 
the cap used to apply the moment load would require modification. The 
modifications were not attempted for this work, as the trends observed in the moment 
load data were sufficient to infer the level of stress uniformity. The lack of co-
linearity between the moment calibration cap and the load cell did not affect the shear 
and normal load data. 
The eccentricity recorded by a load cell rotated by 90° to measure the radial stresses 
across the interface during a test shearing silica sand against the rough interface is 
shown in Figure 5.15. 
-3 J 
Shear Displacement (mm) 
Figure 5.15 Load Eccentricity Across the Load Cell in the Radial Direction 
Like the data recorded by the load cells in the tangential direction, the eccentricity 
varied most during the first 20mm displacement in the radial direction. After this 
displacement the eccentricity again became stable. The variation of the eccentricities 
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at the start of the test was a reflection of the non-uniform normal stresses that 
occurred during this stage. The steady nature of the eccentricity data after a 
displacement of 20mm was an indication that the stresses were more uniform. 
5.S The Effects of Stress Non-Uniformity on the Vertical Displacement Data 
During the tests, the control system was able to maintain the target average normal 
stress despite the large variations in stress between the load cells. The control system 
works by moving the loading ring up or down to maintain the average of the load cell 
normal stresses within a set tolerance of the target value. The movement of the 
loading ring is meant to represent the soil deformations. When the stresses are 
uniform this is the case. When the stresses are not uniform the vertical displacement 
of the loading ring can represent the control system's attempts to maintain the target 
stress rather than soil deformations. The displacement of the jack and the loading ring 
during the test shearing a 10mm thick sample against the smooth interface are shown 
in Figure 5.16. 
0.2 
Shear Displacement (mm) 
5. Displacements of the Jack and Loading Ring for Silica Sand Sheared 
gainst the Smooth Interface 
The normal stresses during this test were shown in Figure 5.9 to vary considerably 
between the load cells. The curves shown in Figure 5.16 reflect attempts by the feed 
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ess at the interface rather 
than the soil behaviour in a CNL ring shear test. 
In contrast, the average vertical displacement of the loading ring and the jack for the 
in Figure 5.17. The distribution of the normal stresses between the load cells was 
without the peaks and troughs observed during the test using the smooth interface. 
These curves 
target average interface normal stress and can be considered a reasonable 
representation of the vertical soil deformations. 
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Figure 5.17 Displacements for Silica Sand Sheared Against the Rough Interface 
Figures 5.16 and 5.17 show that the total vertical displacement can be affected by 
non-uniform interface stresses. The data also imply that the rates of dilation are 
similarly affected. 
It can be seen M Figures 5.16 and 5.17 that the jack moved further up or down than 
the loading ring. This occurred because the yoke was not tightly screwed onto the 
jack so it had some freedom to move on the threads. It was considered that movement 
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also was possible where the pin connected the yoke to its tongue, and where the 
tongue screwed into the loading ring. It was also possible that differential movements 
occurred between the centre of the loading ring where the jack was attached and the 
annulus that contacted the soil. However, as the loads were in general low and the 
construction of the loading ring robust, such differential displacements were expected 
to be small. 
The vertical displacements recorded by two diametrically opposite LVDTs on the 
loading ring are also presented in Figure 5.17. The different displacement recorded 
by each LVDTs suggests that the loading ring tilted during shearing. The tilt was 
observed during many of the tests and appeared to be related to the pin joint between 
the jack's yoke and its attachment to the loading ring. The tilt occurred in the plane 
within which the bearing inside the yoke was free to move. The tilt may have had 
some influence on the normal stress variations at the interface. 
5.6 The Generation of Radial Stress Across the Ring Shear Apparatus 
During the initial performance testing, the ring shear apparatus was stripped down and 
re-assembled on a number of occasions. Each time, sand was observed to fill the 
groove in the outer extrusion seal, but not the groove in the inner seal. A photograph 
showing that sand had migrated to the outer seal is presented in Figure 5.18. 
It can be inferred from the observed sand migration that a radial strain occurred across 
the width of the sample. It was considered that the radial strain would be 
accompanied by a radial stress (Tiz). As the magnitude of the radial stress was 
unknown, some doubt was cast on how accurately the tangential shear stresses (Tfe) 
represented the resultant shear stress (T). 
The Cambridge-type load cells are only able to record data in a single direction. To 
assess the magnitude of the radial stress, one of the interface load cells was rotated 
90° in its socket. The load cell cap in the rough interface plate was modified to 
maintain the original alignment of the groove pattern. Tests were conducted shearing 
Sydney and Barry's Beach sands against both the rough and the smooth interfaces. 
Three CNL tests were conducted using a single sample. Each test was loaded to a 
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target normal stress and sheared for 200mm. The sample was unloaded and then 
reloaded to the next target stress. 
Figure 5.18 Some effects of Radial Strain 
The radial components of the residual shear stress during these tests plotted against 
the average normal stress recorded at the interface are shown in Figure 5.19. Good 
correlation was found in the data from the tests using Sydney sand, however the 
results from tests using Barry's Beach sand were affected by the sequence of testing. 
The radial stress component was greatest during the first test when the sample was 
fresh. The radial stress ratio was observed to reduce in the following tests, which may 
have been related to an increase in fine grained material adjacent to the interface as 
soil crushing occurred. 
The average residual stress ratio in the radial direction during tests conducted using 
the rough interface was found to be about 0.04 for both sands. The residual stress 
ratio during the test shearing Sydney sand against the smooth surface was about 0.03. 
A trendline was not fitted through the data from the test shearing Barry's Beach sand 
against the smooth interface because the scatter was too great. 
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relative to the interface material increased, as did the angularity of the crashed 
particles. 
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the stresses in general oscillated around the lower stress bound. Increasing accuracy 
was observed with increasing stiffness because the tolerance range as a percentage of 
the current load is smaller for greater loads. Thus, the computer program supplied 
finer control at higher normal stresses. 
The ability of the ring shear to apply the CNS boundary conditions to the sample can 
be compared with the performance of the modified CNS shear box, shown in Figure 
5.22. The numbers presented in the legend represent the target normal stiffness, 
which were calculated from the thickness of the mild steel spring plate and the 
distance between its supports. The values adjacent to the trendlines show the values 
of the normal stiffness transferred to the sample. The actual stiffness applied to the 
top of the sample in each of these tests was computed by dividing the change in 
normal stress by the change in vertical displacement. The actual stiffness was, in 
general, less man the nominated value. The actual stiffness in each test was a 
reasonably linear representation of the relationship between external normal stress and 
the vertical displacement, although the data were affected by load platen rotations 
towards the end of each test. The difference between the actual and nominal stiffness 
was due to the reaction frame not being stiff enough to fully transfer the vertical 
displacement at the top of the sample to the spring beam. The effects were most 
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The curves were not identical, most likely due to different approximations of the 
average stresses caused by the small area covered by the interface load cells. 
However, these effects did not appear to be significant. 
0.3 0.4 0.5 0.6 0.7 
Shear Displacement / Sample Height 
Figure 5.23 Effects of the Shearing Rate 
5.9 The Comparative Performance of Controlling the Normal Stress applied at 
the Interface or the Loading Ring 
The uncertainty regarding whether the interface load cells accurately represent the 
average stresses makes it desirable to have a more accurate method of control. The 
average normal stress at the top of the sample can be controlled using feed back from 
the 140kN load cell. Several CNL tests were conducted to compare the effects of 
interface and loadmg ring control. 
Tests were conducted on samples of Sydney sand approximately 10mm and 40mm 
high. The interface average normal stresses and those recorded by the 140kN load 
cell during the tests subject to loading ring control are presented in Figure 5.24. The 
data show that the feed back control system was able to maintain the normal stress 
applied by the loading ring to the top of the sample at the target value. The data also 
show that the average stresses recorded at the interface during these tests increased 
above the target value applied to the top of the sample. 
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The vertical displacement curve was observed to fluctuate less when loading ring 
control was used. This occurred because the nonnal stress applied to the top of the 
sample was accurately known. In contrast, when interface control was used, the 
control method had to overcome the lack of stress uniformity at the interface, which 
was shown in Section 5.5 to affect the vertical displacement data. 
Surprisingly, the average stress ratios recorded by the interface load cells, at least in 
these tests, appeared to be independent of the method of stress application, the sample 
height and the density of the sample. The stress ratios are presented in Figure 5.27. 
The peak and residual stress ratios measured at the interface were similar for all of the 
tests as was the displacement to the peak stress ratio. 
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adjacent to the interface and the average density progressively became less as fht 
sample height increased. The stress ratio data seem to imply Ifeit this density 
distribution also occurs throughout the height of a sample. However, this result may 
be coincidental as it was shown in Figure 5.13 that the peak stress ratio can be 
affected by non-uniform interface stresses. 
The data suggest that the frictional strength of an interface can be measured in CNL 
tests using the MKII ring shear independently of the method used to control the 
applied normal stress. However, as the control method has been shown to influence 
the generation of shear and normal stresses on the interface as well as the vertical 
displacements of the loading ring, the method of load control will affect the results of 
CNS tests and the interpretation of the data in relation to an axially loaded pile. It is 
tempting to apply the normal stresses at the loading ring in CNS tests because the 
vertical displacements occur at the same location, which conforms to the assumptions 
made in the theory. However, results from these tests will be compromised by the 
apparent under-prediction of the vertical displacements in the CNL tests and by the 
likelihood that the interface stresses will be affected by wall friction. Controlling the 
normal stress at the interface has the advantage that the shear stress mobilised during 
shearing is an accurate reflection of the capacity of the interface. However, because 
the displacements are recorded remote from the interface the evolution of the interface 
stresses during CNS tests does not fit the theoretical framework. In principle, the 
errors associated with either method of control can be minimized through the use of 
thin samples. 
While the deficiencies in each method of control are recognised, interface control was 
used for the majority of tests conducted in this thesis because the data obtained could 
be directly compared with the results from other direct shear devices. 
The interpretation of tests conducted using the ring shear design of de Gennaro & 
Lerat (1999) will have similar difficulties to those described in the paragraphs above. 
A diagram of their ring shear device was shown w Kgure 1.7. The interface normal 
stress in their device was applied by loading the outer radial face of the sample. The 
external normal stress was not held CMtant or used to maintain a target interface 
stress. The evolution of the normal stresses externally and on the interface must have 
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been affected by friction developed on the top and bottom surfaces of the sample 
container. 
These data also support the conclusions drawn in the previous chapter that the 
magnitude of the stresses on the interface in the modified shear box depended on 
frictional stresses mobilized on its walls. 
5.10 Effect of Sample Height on Wall Friction in tests using Interface Control 
Controlling the normal stresses on the interface was considered to be the more 
appropriate method of applying the boundary conditions. However, the inability of 
the interface load cells to accurately and repeatedly represent the average stresses 
when thin samples were used required thicker samples be employed to increase the 
stress uniformity on the interface. The contact area between a thick sample and the 
confining walls is proportionately greater than that when thin samples are used. It 
may follow that shear stresses on the walls may affect the generation of stresses 
within the sample and on the interface in proportion to the sample height. 
Comparisons between tests conducted at various sample heights were difficult 
because of the effects that the apparent variation of the average density and the non-
uniform interface normal stresses had on the data. One comparison that could be 
made with some confidence was that between the 140kN load cell and the interface 
average normal stresses over the full shearing displacement. The normal stresses 
recorded by the 140kN load cell from four tests covering a range of sample height are 
presented in Figure 5.28. The target interface average normal stress was 150kPa. 
Silica sand was sheared against the rough interface plates in these tests. 
No correlation was observed between sample height and the normal stress applied at 
the top of the sample to achieve the target interface value. The data also indicates that 
the normal stress at the top of the sample was, on average, similar to that at the 
shearing interface over the duration of the tests. 
mi 
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This was a surprising result. It was shown in Figure 5.8 that the normal stress applied 
to the top of the sample to impose the target interface normal stress increased as the 
sample height increased. This was caused by friction on the confining walls. A 
similar trend was expected during shearing. The absence of a trend may be an 
indication that the resultant shear stresses on the confining walls rotated from the 
vertical to the horizontal during the tests. Immediately after consolidation, the shear 
stresses on the walls would be oriented vertically upwards. The displacement of the 
interface then induces a tangential shear stress component on the walls, which causes 
the resultant shear stress to rotate. However, if the sample contracts the vertical 
component of the shear stress will increase. If the sample dilates then the vertical 
component will initially decrease until it reaches zero and will then increase in the 
negative direction. This will result in the stress at the top of the sample becoming less 
than at the base of the sample. In the limit when dilation has ceased after a large 
displacement, stress rotations may cause the vertical stress component to disappear 
entirely allowing the normal stress at the top and base of the sample to become equal 
through equilibrium. This was not observed in these tests, as the normal stress at the 
top of the sample after a displacement of 100mm was less than at the interface 
indicating a vertical component of the shear stress was still present. 
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Other stress fluctuations observed during these tests were related to the control 
method and slip between the jack and the loading ring. 
In contrast, when loading ring control was used, the data presented in Figure 5.24 
shows that the stresses at the loading ring did not become equal to the interface 
stresses. Rotation of the shear stresses on the walls may have caused the normal 
stresses at the top and base of the sample to slowly converge as shearing progressed, 
but not to the same extent as occurred when interface control was used. 
The vertical displacement data presented in Figure 5.25 were also affected by the 
sample height. Surprisingly, the total vertical displacement was greater when the 
10mm thick samples were sheared than when the 40mm thick samples were used. 
This pattern was observed for both normal stress control methods. Much of the 
difference was probably caused by the sample placement method that resulted in the 
10mm thick sample being denser than the 40mm thick sample. However, if 
deformations were occurring through the entire height of the sample, it is likely that 
much greater vertical displacements would have been observed in the test using the 
40mm sample, even if it dilated less. The trends suggest that a shear band formed 
adjacent to the interface. Assuming the shear band had similar thickness in both 
samples, it would occupy a greater percentage of the volume in the test using the 
10mm high sample. In the 40mm high sample, it is believed that once the shear band 
is fully formed the sample outside this zone will unload and may contract. The dip in 
the vertical displacement curve during the test using the 40mm high sample and 
loading ring control provides some evidence to support this idea. 
Relaxation in sand, if it occurs, is likely to be present adjacent to a driven pile, which 
may effect predictions of the shaft capacity made from CNS theory. CNS theory 
assumes that all of the displacement occurs in a thin zone adjacent to the pile shaft. If 
this is not the case then some allowance must be made for the effect that deformations 
outside this zone will have on the stresses generated on the pile shaft. 
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5.11 Correlation with Other Test Types 
Although the interface stresses can vary considerably withlft the ring shear, the 
average stress response appears to agree well with data from standard shear box and 
simple shear tests. Data from standard 60mm and 300mm square shear box tests as 
well as from a circular simple shear test are presented in Figure 5.29. These tests 
were all performed at about the same density. The shear box and ring shear tests were 
conducted using a rough interface, while the simple shear test was performed on a 
sand sample. The shearing response of a frilly rough interface is considered similar to 
the internal shearing of sand (Uesugi, 1986b). The parameters for these tests are 
presented in Table 5.2. 
Table 5.2 Comparison Test Data 
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The peak stress ratio mobilized by the ring shear test was greater than the peak stress 
ratio obtained from the simple shear test but less than that found using shear box tests. 
It is difficult to suggest what the "correct" peak stress ratio should be because the 
density varied between tests and because of the varying restraints that the different 
apparatus configurations apply to the sample. However, the peak shear stress 
obtained from the simple shear was considered to under-predict the true value because 
the sample was observed to collapse laterally after a normalized shear displacement of 
about 0.1 causing the vertical displacement to reduce, and perhaps not allowing the 
full peak stress ratio to develop. The residual stress ratios from all of the teste 
approached a value of 0.6. 
The normalized shear displacement required to mobilize the peak and residual stress 
ratios was greater in the simple shear and ring shear tests than in the shear box tests. 
This was due to the absence of end walls in the ring shear and simple shear apparatus. 
The similarity between the ring shear and simple shear data during the early stages of 
shearing suggested that simple shear strains were applied to the sample in the ring 
shear. It could be inferred that these strains were present in the ring shear throughout 
the entire test, whereas they ceased in the simple shear when the sample collapsed. In 
addition, the data suggest that controlling the normal stresses on the interface 
produces accurate shear stress and vertical displacement data. 
5.12 Correlation of Ring Shear Data with Plane Strain Theory 
Davis (1968), Rowe (1969), Jewell & Wroth (1987) and Jewell (1989) have suggested 
that the results of ideal direct shear tests can be correlated with plane strain theory 
when failure occurs within the sample. An ideal direct shear test applies uniform 
stresses and strains to an isotropic sample. Direct shear data from the central element 
of a highly instrumented simple shear device (Stroud, 1971) and from a carefully 
constructed shear box (Jewell & Wroth, 1987) were shown to correlate with plane 
strain theory. Successful correlation of direct shear data with plane strain theory may 
be considered an indication that plane strain conditions are closely approximated in 
the direct shear device. 
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shear data using Equation 5.2. The peak stress ratio was defined as the ratio of the 
average shear and normal stresses, as opposed to the average of the stress ratios from 
each load cell. The stress ratio and displacement data used in the analysis were 
computed as the average of five readings at the peak state. The averaging was 
conducted to smooth data spikes in the raw results. Results from the analysis are 
presented in Figure 5.31. 
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average normal stress, the data presented in Figures 5.31 and 5.32 suggest that plane 
strain conditions are closely approximated within the ring shear. However, the scatter 
in the data from tests having similar initial conditions suggests that several teste are 
required to allow the correct trends in the data to be established. 
As a comparison with the ring shear data, interface data obtained from similar tests in 
the shear box tests are plotted in Figure 5.33 in terms of Taylor's equation. The data 
were gathered from tests using all of the arrangements described in Chapter 4. As 
was described in Chapter 4, the arrangement of the shear box affected the data. As a 
result the data presented in Figure 5.33 have been grouped in terms of the load platen 
fixity, as this classification appears to describe the observed behaviour. 
Chapter 5 - Performance of the Ring Shear 120 
Although evidence has been presented to indicate that the ring shear device is capable 
of approximately applying plane strain conditions to the sample, the interpretation of 
interface data should not be conducted in terms of the plane strain friction angle. The 
plane strain friction angle describes the shear stress mobilized along a slip surface 
oriented at some angle to the interface. However, as the capacity of a soil-structure 
interface relies on the stresses generated on the structure's surface, the strength of the 
interface should be described in terms of the interface angle of friction. The interface 
friction angle should be interpreted using the inverse tangent of the stress ratio 
recorded on an interface in direct shear tests. This is especially true when the surface 
of the structure is smooth because failure will not occur within the soil. The inverse 
tangent interpretation is also for the analysis of the shear stress envelope obtained 
from direct shear tests. 
5.13 The Performance of the M K I I Ring Shear 
The MK. II SU ring shear was considered to perform reasonably well. The sand 
raining method was considered able to create a uniform sample although it had 
difficulty varying the density for a given sample height. The control system was 
shown to be able to apply specified boundary conditions to a sample during shearing 
to a high degree of accuracy. The combination of a repeatable sample placement and 
accurate stress control enabled tests to be carried out to an acceptable quality. Data 
from a large number of ring shear tests were inferred to fit plane strain theory 
reasonably accurately. The inference that plane strain was closely approximated in 
the ring shear satisfied one of the reasons for constructing it. The close 
approximation to plane strain conditions also suggested that the stress variations 
around the sample and across its width did not have a significant effect on the broad 
trends. However the data between the individual tests, and between the load cells 
within a test, were scattered. This was caused by the combined geometry of the 
sample container and the loading ring creating a normal stress variation around the 
annular sample. In addition, the axi-symmetric conditions allowed a small stress 
component to occur in the radial direction across the sample. Because the load cells 
embedded in the interface and loading ring did not cover sufficient area to accurately 
represent the average stresses, particularly during the early stages of shearing, some 
doubt was cast on the value of the peak stress ratio. The vertical displacement data 
were also affected when the average stresses were not well represented by the load 
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cells because the control system moved the loading ring to maintain the target stresses 
rather than to describe the soil displacements. The uncertainties tolhe peak stress 
ratio and the displacement data reduced as the sample height increased because the 
stresses became more uniform on the interface. 
Attempts to improve the data by controlling the normal stress at the top of the sample 
using the 140kN load cell were not entirely successful. The interface stresses were 
found to be dependent on vertical shear stresses mobilized on the confining walls and 
the displacements were suppressed because the total confining stresses had increased. 
In addition, the inability of the load cells in the interface to represent the average 
stresses further complicated interpretation of the data. 
Despite the stress variations, the average interface stresses were found to correlate 
well with data from similar tests conducted using standard and large shear box tests as 
well as shear box tests. The data from the ring shear was considered to be of higher 
quality than the data from the other tests. Doubt was cast on the value of the peak 
shear stress found in shear box tests because it was inferred that plane strain 
conditions were not applied to the sample. In addition, the displacement to the peak 
and residual stresses was considered to be under-predicted due to the presence of the 
end walls in the sample container. The simple shear and ring shear data were similar 
during the initial stages of shearing but diverged when the sample in the simple shear 
began to collapse laterally. It was inferred that the peak shear stress was under-
predicted in the simple shear due to the sample collapsing. In addition, the ring shear 
had the advantage of being able to shear the sample to an unlimited displacement 
Nevertheless, improvements could be made to the ring shear to reduce the stress 
variations and telemetry drifts. Increasing the area covered by the load cells in the 
interface and loading ring will allow the average stresses to be more accurately 
represented, which would have the effect of increasing the confidence in the peak 
stress and displacement data. This would also reduce the scatter currently observed 
between the tests. As the load cells are calibrated in terms of stress, their apparent 
drift can be minimised by increasing the contact area with the sample. The absolute 
voltage drift in all of the instruments can be improved by removing the cables 
connecting the telemetry to the data logger. Some form of radio data transmission 
system, or local data acquisition system may allow this to be achieved. 
X 
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In the Introduction, it was suggested that an ideal apparatus would allow uniform 
stresses and strains to form within the sample. In this chapter, data have been 
presented in order to assess the uniformity of the stresses on the shearing interface, 
but none to assess the uniformity of the strains within the sample. Obtaining strain 
measurements within the sample was outside the scope of the apparatus used in this 
study. The effects of compressive strain variations within the sample is reflected in 
the lack of normal stress uniformity immediately after the application of vertical load 
while radials strains across the shearing interface were inferred to be the cause of 
shear loads measured aeross the width of the interface. The distribution of strain 
within the sample affects the stresses generated on the interface during loading and 
shearing and a more rigorous assessment of the performance of the ring shear would 
include the measurement of strain. However, the reasonable correlation between 
computed plane strain angles of friction and measured maximum rates of dilation, 
presented above, suggest that non-uniform strain distributions do not, on average, 
have a significant effect on the interface stress and boundary displacement data from 
large diameter ring shear tests. 
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CHAPTER 6 
A NUMERICAL ANALYSIS OF THE RING 
SHEAR APPARATUS 
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6.1 Introduction 
In this section, a numerical model is presented to describe how an idealised elastic 
sample would behave when subject to the boundary conditions imposed by the MKII 
ring shear apparatus. The numerical model incorporates simple interface laws, which 
allow qualitative comparisons between parameters to be made but are not expected to 
fully describe real soil behaviour. The aims of the numerical modelling were to 
• investigate the stress distributions on the internal surfaces of the ring shear 
apparatus to assess stress uniformity; 
• further investigate the effects of friction on the confining walls; 
• compare loading ring stress control with interface stress control; and 
• compare data from equivalent tests using large and small diameter ring shear 
apparatus. 
A finite element method was chosen that allowed behavioural laws to be applied 
directly to the soil-structure interface. Historically, a special interface element has 
usually been constructed to describe how a soil shears against a surface. Such 
elements have been used in the program AFENA (Carter & Balaam, 1990). This 
element typically has a different form (e.g. shape function etc.) to the main body of 
elements and may have zero thickness. These types of elements have the drawback 
that an arbitrary stiffness must be assigned to them. This stiffness parameter may not 
bear any resemblance to the soil's material properties and the selected value may be 
difficult to justify. To avoid the need for an interface element, the sub-structure 
approach was adopted. Rowe et al (1978) and Balaam (1978) have used the sub-
structure approach to study pile foundations. The approach was also utilised by Lai 
(1989) to study caisson foundations. The sub-structure approach employed here is 
based on the assumption that the soil sample consists of a block of elastic elements 
and that plastic deformations occur within an infinitesimally thin 'jam* between the 
elastic soil and the rigid confining structure. This assumption is based on the. results 
of elasto-plastic interface modelling and observed real pile behaviour. Conventional 
elasto-plastic modelling of soil-structure interaction has shown that most of the plastic 
deformations occur near the interface (Lai, 1989). Experimental data have also shown 
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that a thin shear zone forms adjacent to axially loaded piles (e.g. Boulon & Foray 
1986, Nauroyetal 1988). 
6.2 General Description of the Numerical Model 
The soil sample contained within the MKJI ring shear was idealised as an axi-
symmetric elastic annulus having an inner radius of 479mm and an outer radius of 
521mm. A diagram of the sample is presented in Figure 6.1. Vertical and radial co-
ordinates are shown and the tangential axis describes the third projection, which is in 
the direction of the tangent to the circle at any point. 
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Equilibrium equations are introduced for all of the directions having an arbitary point 
of fixity, viz the soil in the vertical and tangential directions Equilibrium of the soil in 
the radial direction is implicitly embedded in the elastic influence matrices due to the 
deliberate omission of radial fixity during their computation. 
Equilibria equations are also introduced for the components of the ring shear's 
structure that have arbitary points of fixity, which are the loading ring in the vertical 
direction and the shearing surface in the tangential direction. These are described in 
Equation 6.7. 
x : , * n A , = F , 6.7 
where 
¥n the resultant incremental force at the point of fixity within the structural 
element in the direction considered 
Equations 6.5 to 6.7 can be combined to form the following matrices 
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r is the radius to the centre of the element face 
6 r is the incremental rotation of the shearing surface 
A ^ is the area of the elements covering the shearing surface 
The rightmost two columns in these matrices are applicable only to elements 
corresponding to the loading ring and shearing surface respectively. These matrices 
can be inverted to formulate incremental stress-displacement matrices. 
Two interface constitutive laws control the interface behaviour. The first law specifies 
that, post yield, the total stresses conform to a purely frictional Mohr-Coulomb yield 
surface. 
CTS = a n t a n 8 6.10 
where 
On is the total element normal stress 
as is the total element shear stress 
8 is the friction angle of the soil against the interface 
The internal friction angle of a sand has been shown to depend on the angle of dilation 
(Rowe, 1962). In this model, the interface friction angle is assumed to depend on the 
dilation at the interface. Taylor 's (1948) energy correction equation was used to 
describe this behaviour as it was shown to fit experimental data in Chapter 5 . The 
equation is: 
tan 8 = tan \f + tan 8 ^ 6.11 
where 
Sres is the constant volume, or critical state interface friction angle 
\|f is the angle of dilation of the soil against the interface 
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If 0 <a n t an8 then no slip is currently occurring at the interface and the elastic 
stress increments are computed from inversion of Equations 6.8 and 6.9. Once an 
interface element has yielded slip displacements may occur and total stress increments 
are calculated. After a set amount of vertical displacement has occurred at an element 
face the critical state is assumed to occur and the rate of dilation at that element is set 
to zero. 
The second law is the flow rule which controls the rate of dilation in terms of the 
incremental slip displacements. 
Aun - -Aus tany. 6.12 
where 
Aun is the incremental dilation displacement normal to a surface 
Au( is the incremental slip displacement tangential to a surface 
The angle of dilation was assumed to be constant As the sand will not dilate 
indefinitely in reality, a cap was introduced to limit the total displacement due to 
dilation, as shown in Figure 6.3. 
Aus 
Figure 6.3 Diagram of the Dilation Cap 
The decoupled stresses at slipping faces represented in the r-z and 9 elastic interaction 
matrices, can be related to each other by describing the total shear stress increment in 
terms of its its component parts as shown in Figure 6.4. Compressive normal stresses 
are defined positive. The y direction corresponded to the 9 direction on the walls 
X 
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and the base. The V direction corresponded to the V direction on the walls and the 
V direction on the base. 
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CNL or CNS boundary conditions can be imposed on the system by relating the 
incremental vertical force on the interface or loading ring, Fj, to the vertical rigid 
body displacement Uz by a 'stiffness' parameter, Ks. 
K..U, 6.14 
A conventional constant normal load test has zero stiffness, while a conventional 
constant normal stiffness test applies a linear relationship between the rigid body 
force and displacement. 
In addition, the form of Equation 6.14 allows the normal stresses to be controlled at 
the loading ring or over the area of the interface load cell, as occurs in the actual ring 
shear. Equation 6.15 describes how the normal stresses are controlled over the area of 
the interface load cell. Loading ring control is instituted by substituting the 
summation of the normal stresses on the elements of the loading ring for those over 
the area occupied by the interface load cell. 
6.15 
Equations 6.8 through 6.15 are collected into a 'plastic interaction matrix*. Two 
plastic interaction matrices were constructed, one to iteratively model the application 
of vertical load to the sample and the other to iteratively model shearing of the elastic 
sample. This was done because different 'known' parameters were chosen to drive 
the computations. 
63 Method of Computation 
To impose the specified vertical load to the sample, an increment of vertical 
displacement, U^, was applied and Equation 6.8 was solved to obtain the incremental 
stresses, assuming the slip displacements were zero. If an element yields, the subset 
of Equation 6.8 directly relating to that element is collated into the plastic interaction 
matrix, given in Equation 6.16. 
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where 
Cjj are the appropriate co-efficients from the inverse of Equation 6.8 
The external vertical force on the point of fixity is set equal to zero to satisfy the 
physical requirement that there is no load applied at the point of fixity. If we had 
given the fixity a displacement then a force would have been generated on it. The 
values of taw}) and tany are interchangeable with the unit values in rows three and 
four in Equation 6.16 depending on whether shearing occurs on a horizontal or 
vertical element face. The angle x, which allows normality to be described, has been 
explicitly omitted from Equation 6.16 because it is implicitly present. As 
consolidation loading occurs in two dimensions, the directions of the resultant shear 
stress on the surface of an element and the relative slip displacement must be the 
same. 
The plastic interaction matrix is solved for the slip displacements. The slip 
displacements are re-substituted into the full set of equations given by Equation 6.8 
and the incremental stresses calculated. Work done by the slipped elements was 
computed in order to check for any violation of the normality principle. Negative 
plastic work violates the normality principle. If normality had been violated the 
results of the increment were discarded and the offending element reset as elastic. 
The increment of vertical displacement was then re-applied. At the end of an 
increment, the total stress state was then updated and further increments of vertical 
displacement applied until the desired stress state on the loading ring or over the load 
cell area was reached. 
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During the application of the vertical load many, if not all, of the wall elements will 
have slipped and the plastic interaction matrix used to describe shearing is collated for 
these elements. Elements mat had not slipped, but were required to describe loading 
ring or interface stress control, are incorporated into the plastic interaction matrix. 
The known parameter during shearing is the incremental rotation of the shearing 
surface, 8 r . The plastic interaction matrix that describes shearing is given in 
Equation 6.17. 
The values of tancj», tany, sinx* cosx and unity shown in rows 4, 5 and 6 have been 
shown arbitrarily in Equation 6.17. Their position is interchangeable depending on 
the physical orientation of the element being described and the value of the % angle. 
If the absolute value of x was less than 45° then the cosine was chosen and if the 
value of x ranged between 45° and 135° the sine was chosen. This was to ensure that 
the co-efficients did not become small and cause numerical instability to occur. 
Loading ring or interface control is described by the area co-efficients, A;, in row 11, 
column 2. As not all of these elements are necessarily plastic this column, and row 2, 
may have greater size than their adjacent columns to allow the effect of the elastic 
elements to be incorporated into the system. 
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Cjj are the appropriate co-efficients from the inverse of the matrices given by 
Equation 6.8 and Equation 6.9 
Ks is the value of the constant normal stiffness 
An iterative solution scheme is required to solve these equations. Tc* iterate, the set of 
% angles were calculated from the total stresses and the plastic interaction matrix 
given by Equation 6.17 is solved. The incremental slip displacements obtained from 
the solution of Equation 6.17 are re-substituted into the matrices given by Equation 
6.8 and Equation 6.9 to compute the incremental stresses. Intermediate total stresses 
are calculated and intermediate % angles computed. If the intermediate % angle 
differed from the initial x angle by more than a set tolerance the difference in the two 
angles is added to the initial % angle and the process repeated until the difference 
between initial and the set of intermediate % angles was within the set tolerance. The 
tolerance was set equal to 0.0001%. If the set of % angles converged it was found that 
the yield function and flow rule were satisfied. 
Once normality had been satisfied, each element was checked to see if it had broken 
away from the structure. An element was considered to have broken away If the 
normal stress on it was less than lkPa. If an element had broken away, the total and 
incremental stresses were set to zero, and incorporated into the plastic interaction 
matrix. Breakaway was found to occur at the upper comers of the samples having an 
elastic modulus of 50MPa. 
If the set of % angles had not converged within 1000 iterations the elements were 
checked for breakaway. If no elements had broken away within the increment, it was 
assumed the step size was too large for convergence to occur. The results of the 
current increment were discarded and the convergence tolerance and/or the rotation 
increment could be re-input and a new increment step run. However, in most cases 
when convergence did not occur within 1000 iterations, reducing the step size did not 
allow the numerical analysis to proceed past the previous point of no convergence. 
At the end of each increment plastic work was checked. If the plastic work condition 
is violated then the element that violates the plastic work condition is no longer plastic 
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and the results of the previous increment are discarded. The increment is then re-
applied to the system and the offending element was reset as elastic. 
The analyses were conducted using a desk top computer equipped with a Pentium 3 
processor and having 196 Mb of RAM running at 500MHz. The run time of the 
consolidation analyses was in the order of minutes whereas the run time for the 
torsional analyses was typically in the order of days to weeks. This was due to the 
very small rigid body rotational increments of the shearing surface required for 
convergence to occur. 
6.4 Validation of the Interface Numerical Model 
Validation of the consolidation routine was achieved by comparing its results with a 
theoretical Ko solution. The shearing routine was validated by comparing simple 
shear data with results computed from a single element model of the system. 
6.4.1 Validation of Consolidation Loading 
The lateral earth pressure co-efficient, Ko, is a parameter that relates the minor 
principal stress to the major principal effective stress in an elastic mass in which the 
minor principal strain equals zero. In the ring shear model, the major principal stress 
and strain are in the vertical direction and the minor principal stresses and strains are 
in the horizontal plane. The general elastic equations relating the strains to the 
stresses can be re-written to relate the horizontal to the vertical principal stresses 
giving Equation 6.19. 
K0 = - = — 6.19 
1-v ov 
where 
v is Poisson's ratio 
A numerical Ko approximation was created using the equations controlling the 
consolidation process. Equation 6.8 was inverted and re-arranged and equations were 
added sripulating that the incremental dilation displacements on all of the surfaces 
were equal to zero. In addition, shear stresses on all of the surfaces were set equal fe 
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zero as was the relative slip between the sample and the horizontal surfaces hi the 
radial direction. Equation 6.20 describes the system of equations. 
A - [ X ] B 6.20 
The known parameters, in this case the incremental vertical displacement of the 
loading ring, were placed in vector A. The unknown incremental stresses, 
incremental slip displacements, the rigid body displacements and the rigid body forces 
were placed in the vector B. The various co-efficients from the matrix inverted from 
Equation 6.7 were placed in the matrix [X]. The equations describing the Ko 
boundary conditions were also placed in [X]. Matrix [X] was unable to be inverted 
because it was rectangular. Instead, the following method was used to compute the 
unknown parameters. 
The matrix [X] was transposed and used to pre-multiply both sides of Equation 6.20 
as shown in Equation 6.21. 
[X]TA = [Xf[X].B 6.21 
The product of [X] [X] is a square matrix which can be inverted to determine the 
unknown parameters in B, as described in Equation 6.22. 
B = {[X]T[X]}-I[X]T.A 6.22 
An arbitrary value of the applied incremental displacement of the loading ring was 
chosen and placed in A. The equations were solved to find the value of the 
compressive force on the loading ring. If the loading ring force does not equal the 
desired value the applied incremental displacement of the loading ring is multiplied 
by the ratio of these forces. The factored incremental displacement is reapplied in 
vector A and the equations re-solved. Because the behaviour is assumed elastic for 
this small increment, this method causes the loading ring force in vector B to equal 
the target value. The parameters used for the numerical and analytical Ko 
comparisons are presented in Table 6.1. 
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Tabic 6.1 Parameters for A 
Can 
Sample Height (mm) 
Sample Width (mm) 
Inner Radius (mm) 
No. of Elements 
Element Height (mm) 
Young1i Modulus (MPa) 
Poisson's Ratio 
Initial Normal Stress 
(MPa) 
1 
SI.O 
42 
479 
17x14 
3.0 
2.6 
0.300 
0.150 
nalyses 
2 
51.0 
42 
479 
17x14 
3.0 
50 
0.300 
0.150 
3 
51.0 
42 
479 
17x14 
3.0 
1000 
0.300 
0.150 
4 
10.5 
42 
479 
7x28 
1.5 
2.6 
0.300 
0.150 
5 
10.5 
42 
479 
7x28 
1.5 
50 
0.300 
0.150 
6 
10.5 
42 
479 
7x28 
1.5 
1000 
0.300 
0.150 
The computed radial stresses developed against the sides of the 10.5mm high sample 
are presented in Figure 6.6. The data shown by solid markers represent the radial 
stresses against the inner wall of the sample and the data shown by hollow markers 
represent the radial stresses against the outer wall. From Equation 6.19, the value of 
Ko using Poisson's ratio equal to 0.300 is 0.429. If a vertical stress of 0.150MPa is 
applied to the top of the sample the resulting horizontal stress is 0.0643MPa. 
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The radial stresses on the walls approached the target value of 0.0643MPa (shown by 
the dashed line in Figure 6.6) but did not teach i t The distribution of radial stress was 
influenced by the elastic stiffness chosen for the soil. The radial stress on the inner 
wall of the sample differed most from the radial stress at the outer wall when the 
stiffness was least. The radial stresses on the inner and outer walls converged as 
Young's modulus increased. The radial stress, at worst, differed from the target value 
by 3%. Only the radial stresses on the corner elements of the sample differed 
significantly from the average. 
Similar data from the analyses conducted using a 51mm high sample are presented in 
Figure 6.7. The radial stresses on the majority of wall elements approached the target 
value more closely than those found during analyses using the thinner sample. The 
radial stresses on the inner and outer walls essentially converged. The radial stresses 
on the corner elements, like those in the 10.5mm thick sample, differed from the 
radial stresses on the elements away from the comers. The radial stresses on the bulk 
of the elements were unaffected by the variations of the elastic modulus. 
0.0638 0.0639 0.064 0.0641 0.0642 0.0643 0.0644 
sigma-r (MPa) 
Figure 6.7 Numerical Ko Results 51.0mm High Sample 
It was considered possible that a computational error may have existed within the 
program AGFEM, which caused the Ko radial stresses to diverge from their target 
value. To check AGFEM, Ko boundary conditions restraining nodal displacements 
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were applied to the discretised elastic annul us. A vertical stress of 0.150MPa was 
applied to the nodes along the top of the sample, and radial stresses along the nodes 
on the walls exactly equalled 0.0643MPa. This method of loading is subtly different 
to that instituted in the analysis. In the analysis the average displacements on the 
element faces are related to the stresses applied to the element faces. 
It was considered that the divergence of the results of the analysis from the theoretical 
values was due to the sensitivity of the elastic influence coefficients to how well the 
average displacement of the element face represented the actual nodal displacements. 
For example, during the generation of influence coefficients in the r-z plane the 
application of a unit stress to an element face caused a rotation about the point of 
fixity and a radial displacement (expansion or contraction) of the sample annulus to 
occur. There was also some distortion of the elastic sample. When the rotation and 
translation of the sample were large, the average displacement of an element face was 
less representative of the individual nodal displacements than when these motions 
were small. The rotations and translations of the sample were greatest when the 
elastic stiffness and the height of the sample were least, and so were the errors in the 
analysis. 
Radial stress distributions within the sample during Ko loading using an elastic 
modulus of 50MPa for both sample heights are shown in Figure 6.8. 
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Figure 6.8 Radial Stress Distributions Within the 10.5mm and 51mm Thick 
Samples during Ko Loading 
Although the radial stresses within the sample closely approximate Ko conditions, the 
stress gradient was greater within the 10.5mm high sample than the 51.0mm high 
sample. Stress concentrations were also observed at the corners of the samples in 
both analyses. 
6.4.2 Validation of Shearing Routine 
An analytical solution was obtained from a single element model and used to compare 
with the shearing data obtained from the numerical model. The single element model 
consisted of one elastic element having the same geometry as the multi element 
numerical model. The single element model was derived from the shear and normal 
stresses on the faces of an axi-symmetric elastic element. Stresses on an axi-
symmetric element are shown in Figure 6.9. The direction of the stresses normal to 
the element faces is considered to be negative in this model. Several of the shear 
stresses on the faces of the axi-symmetric element have not been shown in Figure 6.9. 
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Figure 6.9 Stresses on an Axi-Symmetric Element (after Dugdale & Ruiz, 1971) 
Simple shear boundary conditions were applied to the element so that the shear 
stresses TR and Trt were equal to zero on the walls. As a consequence, the 
complementary shear stresses on the horizontal surfaces and on the internal faces of 
the sample were also set to zero. This does not exactly model the conditions in the 
ring shear, but it was considered to be a close approximatioa The smooth walls were 
assumed to prevent radial displacements from occurring. These assumptions reduce 
the equations describing elastic axi-symmetry deformation to Equation 6.23. 
Yez 
- d p e 
dz 6.23 
where 
Yez is the tangential shear strain 
pe is the shear displacement in the tangential direction 
z is the sample height 
The shear stress can b e obtained from the shear strain through Equat ion 6 . 2 4 
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* f e=Y f cG 6.24 
where 
G is the shear modulus of the soil 
Plastic deformations are introduced into the single element model consistent with the 
numerical model when slip occurs between the elastic sample and the rigid structure. 
The equations controlling the incremental plastic behaviour are re-stated in Equations 
6.25 to 6.27. 
Pz = -Petany 6.25 
cfl =aztan(j> 6.26 
tan 8 = tan \f+tan 8CT 6.27 
Shearing was described in three sections. The first stage was the elastic deformation 
prior to slip. The second stage described the slip between the sample and the 
structure. Plastic stress displacement components were calculated until a dilation 
limit was reached. The third stage described constant volume shearing with zero 
dilation. 
Comparisons for simple shear behaviour were made between the single element 
model and the multi element numerical model for two sample heights. The 
parameters defining the analyses are presented as cases 2 and 4 within Table 6.2 in the 
following section. The small wall friction (tanS = 0.0004) and dilation (tany = 
0.0001) in the numerical model were required because the convergence criterion 
precluded the use of zero values. The values chosen were considered to be consistent 
with simple shear conditions. 
Vertical displacement data from the single element and the numerical models are 
presented in Figures 6.10 and the associated shear stress data are presented in Figure 
6.11. 
. _ „ am 
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The vertical displacements and the shear stresses obtained from the numerical 
analyses have been plotted against the shear displacement. The shear displacement is 
defined as the distance moved by the centre of the rotating interface below the elastic 
sample. This should not be confused with the slip displacement, which describes the 
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relative displacement between nodes on the surface of the elastic sample and those on 
the interface. However, the data obtained from the analysis using the single element 
model have been plotted against the relative displacement at the centre-line between 
the base and the top of the elastic sample. 
These comparisons show that the single element and numerical models give 
essentially the same results up to the dilation limit. In particular, the data from the 
two 10.5mm high sample analyses were almost identical, despite the discrepancies 
noted during consolidation. The system of equations in both of the numerical 
analyses was unable to converge when the first element reached the dilation limit. 
This was due to numerical instability, which was caused by elastic relaxation of the 
element that had reached the dilation limit. The elastic relaxation can be clearly 
observed in the data from the single element analyses. When the dilation limit was 
reached, the shear stress was forced to reduce at the interface from the peak to the 
residual. This caused the shear strain on the elastic sample to relax, which had the 
effect of reducing the relative displacement between the top and the base. 
These results suggest that the data obtained from the multi-element numerical model 
are sufficiently accurate to qualitatively compare the effects of changing various 
parameters. 
6.5 Results of the Numerical Analyses 
Numerical runs were conducted for seven different cases. The cases and the 
parameters used in their simulation are presented in Table 6.2. Friction and dilation 
parameters were chosen to describe the possible limits of their values. 
The height of the sample, the magnitude of the side wall friction, the elastic stiffness, 
the sample radius and the method of stress control were varied during these tests and 
the other parameters held constant. 
In all of the tests, the sample width was 42mm, Poisson's ratio was 0.3, the applied 
normal stress was 0.15MPa and the dilation limits for the walls and the horizontal 
surfaces were 0.15mm and 0.25mm respectively. All of the tests were subject to 
constant normal load conditions. 
Development of a Large Diameter Ring Shear Apparatus and its Use for Interface Testing 
Chapter ff -rf 'Numerical Analysis of the Ring Sliear Apparatus 147 
The effects of wall friction and sample height on the distribution of stresses on the 
boundaries and within the sample were investigated using data from Cases 1 to 4. 
Data from these analyses were also used to investigate the effects of wall friction and 
sample height on the total forces the ring shear's instrumentation would measure on 
the sample boundaries. The effect of the sample's elastic stifmess on the boundary 
forces was assessed by comparing results from Cases 1 and 5. The effects that 
controlling the applied normal stress in CNL tests at the interface (Case 5) were 
compared with data from similar tests controlling the normal stress at the loading ring 
(Case 6). Finally, the effect that the diameter of the ring shear had on the boundary 
data was investigated by comparing Case 3 with Case 7. 
6.5.1 Stress Distributions after the Application of the Vertical Load 
Stress distributions on the surfaces of the ring shear after the vertical load had been 
applied are shown in the figures below. The distributions of vertical stress on the 
shearing interface are presented in Figure 6.12 for cases having varying wall friction 
and sample height. 
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Figure 6.12 Normal Stress on Base after Vertical Load Application 
As expected, a uniform stress distribution on the interface was created when the walls 
were smooth. When wall friction was allowed, the stress distribution over the load 
cell area was close to being uniform when the thin sample was used in the analysis. 
Away from the load cell area, the normal stresses decreased adjacent to the confining 
walls. As the sample height increased, the uniformity of the interface normal stress 
decreased. The wall friction acted to reduce the stress on the interface adjacent to the 
walls forcing the stress at the centre-line of the interface to increase to achieve the 
target average normal stress over the area of the load cell. 
The presence of shear stresses had an effect on the normal stresses generated on the 
loading ring required to mobilize the target interface stress. Stress distributions on the 
loading ring are shown in Figure 6.13. The stresses at the loading ring and the 
interface were identical (and uniform) when the walls were smooth. When the side 
walls"were rough the loading ring stresses increased with the sample height in-order to 
apply the target interface normal stress. 
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Figure 6.13 Normal Stresses on the Loading Ring After the Application of Vertical 
Load 
The radial normal stresses on the walls of the ring shear device are shown in Figure 
6.14. All of these elements slipped during the application of the vertical load 
rendering them 'plastic' causing the shear stress distributions to have the same pattern 
as the normal stress distributions. The radial stresses shown in Figure 6.14 were those 
on the outside wall. The radial stresses on the inside wall had similar patterns and 
magnitudes. The normal stresses formed on the smooth walls approached the Ko 
value, as required for the elastic body. The normal stresses generated on the rough 
walls were greater than the Ko value, and increased as the sample's height increased. 
The stress gradient was caused by the need for the upper elements to slip further and 
earlier than the lower element faces. The slip allows the normal stress to increase due 
to dilation and the more dilation that occurred near the top gave higher Jiormal 
stresses than those generated near the base. 
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The radial shear stresses on the loading ring and the interface were small because 
these elements had not yielded during the loading process. 
6.5.2 Stress Distributions During Shearing 
The effects of wall friction and sample height on the evolution of the stress 
distributions on the interface during shearing are compared in this section. The 
normal stresses on the interface during the analyses using smooth walls are compared 
in Figures 6.15 and 6.16. Figure 6.15 shows the evolution of the normal stresses in 
the analysis having a 10.5mm thick sample. As the walls were effectively smooth, the 
shearing interface was able to displace over 1mm before the interface elements 
yielded. When the elements did yield, it occurred rapidly across the width of the 
sample. The maximum stress was mobilized at the outer radius and the stress 
distribution reflected the variation in the shear strain across the elastic sample. 
Similar trends were observed during the analysis using the 51mm thick sample. 
Again, the sample was allowed to deform elastically in simple shear prior to the 
interface elements yielding. As the 51mm thick sample was about five times taller 
than the 10.5mm sample, the displacement to first yield was over five times as great. 
Yield first occurred at the outermost element where the shear strain was greatest and 
progressively moved towards the inner radius. The stress distribution, once the 
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interface elements had fully yielded, was similar to that shown in Figure 6.15 for the 
10.5mm thick sample. 
Figure 6.16 Interface Normal Stresses 51mm High Sample with Smooth Walls 
In contrast, the normal stress distrib 
utions across the shearing interface in the tests 
using the rough walls are shown in Figures 6.17 and 6.18. The normal stress 
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distribution over the load cell area was uniform during shearing in the analysis of the 
10.5mm high sample with rough walls. The normal stress distribution had a more 
parabolic shape when the 51mm sample with rough walls was analysed, again 
because of the effects associated with wall friction. In both of these analyses, the 
normal stresses on the elements adjacent to the walls were initially small and became 
larger than the interface average as shearing progressed. This was caused by the shear 
stresses on the walls rotating. As the shear stresses rotated vertical equilibrium 
required the total load at the interface to increase, while maintaining the average 
target stress over the load cell area. 
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Figure 6.18 Interface Normal Stresses 51mm High Sample with Rough Walls 
The evolution of the tangential shear stresses at the interface during these analyses 
followed similar patterns to the normal stresses. Comparisons of the evolution of the 
tangential shear stresses from the analyses using the 51mm high samples are shown in 
Figure 6.19 and Figure 6.20. 
The evolution of the tangential shear stresses on the interface in the analysis using 
smooth walls is shown in Figure 6.19. , The shear stress distribution increased 
proportionately with shear displacement until yield occurred. Yielding again occurred 
progressively from the outer radius to the inner radius. Once all of the interface 
elements had yielded, a near uniform shear stress distribution formed across the 
sample. 
The evolution of the tangential shear stresses during the analysis with rough walls is 
shown in Figure 6.20. The elements adjacent to the rough confining walls yielded at a 
much earlier stage than during the analysis with smooth walls. The elements then 
progressively yielded towards the centre line of the interface. When the peak stress 
ratio was mobilized on the interface, the tangential shear stress distribution over the 
load cell area was essentially uniform. Once the residual state had been reached, at a 
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shear displacement of 6mm, the magnitude of the shear stresses reduced and the 
distribution remained reasonably uniform over the load cell area. 
Chapter 6 -vf Numerical Analysts of the Ring Shear Apparatus 155 
The radial stress distributions across the interface during these analyses are presented 
in Figure 6.21 and Figure 6.22. The radial stresses were negligibly small when the 
walls were smooth. 
Base Width (mm) 
Figure 6.21 Radial Stresses across the Interface 51mm Smooth 
Base Width (mm) 
Figure 6.22 Radial Stress Distributions on the Interface 51mm Rough 
The radial stresses were significantly larger during the analysis with rough walls than 
the analysis using smooth walls. Immediately post consolidation, the radial stresses 
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were oriented from the inner and outer walls towards the centre line of the shearing 
interface. On shearing, the direction of the radial stresses reversed. The magnitude of 
the radial stresses then reduced on yielding of the elements and was small at the 
residual state. 
The normal stress distributions on the loading ring were essentially equal to that on 
the interface during the analyses using smooth walls. In contrast, normal stress 
distributions that formed across the loading ring when rough walls were present 
developed in an inverse manner to those observed on the interface. The normal stress 
distributions on the loading ring from the analysis using the 51mm high sample are 
shown in Figure 6.23. At the end of consolidation loading, the normal stress was 
greatest at the outer and inner radii and the average stress was much greater than the 
target normal stress on the shearing interface. As shearing progressed, rotation of the 
shear stresses on the confining walls caused the normal stresses at the inner and outer 
radii to become small, and to maintain vertical stress equilibrium the average normal 
stress reduced below the corresponding interface values. 
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Figure 6.23 Vertical Normal Stress Distribution on the Surface of the Loading Ring 
The shear stresses on the loading ring during the analyses using smooth walls were 
also equal to the interface values. When rough walls were employed, the shear 
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stresses at the loading ring increased during shearing as shown in Figure 6.24. In 
general, the stresses were elastic with the exception of the three elements adjacent to 
the inner and outer walls at shear displacements of 5.5mm and greater. The shear 
stresses were also less than those mobilized on the interface. 
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Figure 6.24 Tangential Shear Stresses on the Loading Ring 
The radial stress distributions on the loading ring are presented in Figure 6.25. The 
magnitude of the radial shear stresses on the loading ring was relatively high. At the 
end of consolidation, the radial stress adjacent to the walls was about 0.22MPa, which 
was greater than the tangential component during shearing. The radial stress 
decreased as the normal stress decreased as shearing progressed. 
The difference between the stress distributions on the interface and the loading ring 
was due to stresses generated on the walls of the ring shear. The stresses on the 
loading ring and the shearing interface were similar when smooth walls were used 
because the shear stresses mobilized on the smooth walls were small. In contrast, the 
differences between the interface and loading ring stress distributions were due to the 
shear stresses rotating during shearing, 
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Figure 6.25 Radial Shear Stresses on the Loading Ring Surface 
The tangential components of the shear stress on the rough walls of the 51mm high 
sample are shown in Figure 6.26. 
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Figure 6.26 Tangential Shear Stress 51mm Rough 
The tangential shear stress increased during shearing up to an interface shear 
displacement of 3mm. At this point, the resultant shear stress was composed almost 
entirely of the tangential component. On further shearing, dilation of the sample at 
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the interface caused the resultant shear stress on the walls to rotate, which caused the 
tangential component to reduce. In the limit, at the residual state the direction of the 
tangential shear stress on the element closest to the interface reversed. This reflects 
the relaxation of the elastic sample when the shear stress on the interface reduced 
from its peak to the residual value. The maximum value of the tangential shear stress 
occurred adjacent to the shearing interface. This was an indication that a shear band 
would have formed within the height of the "elements near the interface had the sample 
been idealised as plastic. 
The vertical shear stress distributions on the rough wall are shown in Figure 6.27. 
Figure 6.27 Vertical Shear Stress on the Walls of the 51mm Rough Sample 
The shear stress changes due to rotation on the walls can be clearly observed. The 
vertical component of shear stress was initially positive (oriented upwards) from the 
shearing interface to the loading ring. During shearing, dilation at the interface forces 
the sample upwards against the walls causing the vertical component of the shear 
stress to reverse its direction. 
The rotation of the shear stresses has some effect on the radial normal stresses 
generated on the rough walls. The evolution of the radial normal stresses is shown in 
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Figure 6.28. Trie radial stress after consolidation had been completed had increased 
to about double the Ko value but reduced as shearing progressed. 
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Figure 6.28 Radial Normal Stress 51 mm Rough 
The normal stress distributions on the confining walls did not vary significantly 
during shearing when the walls were smooth. 
The results of these analyses show that the distribution of the stresses was essentially 
uniform over the area of the shearing interface occupied by the load cells. This 
suggests that effects associated with friction on the confining walls did not unduly 
affect the load cell data in the experiments. According to the numerical analysis, the 
stress uniformity on the shearing interface increased as the sample height decreased, 
making it desirable to use thin samples in actual experiments. However, it was shown 
in Chapter 5 that a less uniform stress distribution occurred when thin samples were 
used. It was suggested that this was due to variations in the geometry of the sample 
container and thickness of the loading ring. 
The results of these analyses also indicate that the stress distributions were essentially 
uniform when the peak and residual loads were mobilized. This suggests that data 
obtained from the load cells during tests using the MK1I ring shear are likely to 
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represent the average interface stresses wall. In contrast, in the Bishop and Bromhead 
models, the shear stresses on the interface are not measured directly but are inferred 
from the torque required to resist the tangential load. These calculations are based on 
the assumption that the stress distribution on the interface is uniform. Bishop et al 
(1971) realised that the stress distribution on the shear plane was unlikely to be 
uniform and conducted an analysis to assess the influence that various non-uniform 
stress distributions might have on the stress ratio data. They inferred various stress 
distributions over the shear plane to assess the error, in comparison with the case 
where uniform shear and normal stresses were assumed. The stress distributions 
generated during the analyses of the MKII ring shear with smooth walls could be 
considered to approximate the stress distribution on the unconflned shear plane in the 
Bishop type of ring shear. The stress distributions were approximately trapezoidal in 
shape having the minimum value at the inner radius and the maximum value at the 
outer radius. Of the stress distributions considered by Bishop et al, the Linear II type 
is most similar to a trapezriiaa. The Linear II distribution has zero stress at the inner 
radius and increases linearly to a maximum at the outer radius. Bishop et al found 
that the assumption of a uniform stress distribution in their ring shear would over-
predict the stress ratio calculated at the interface by about 5% compared with the 
Linear II distribution. This would be an upper bound to the error because a 
trapezoidal distribution would approximate the uniform distribution more closely than 
the Linear II distribution. 
6.5.3 Stress Distributions Within the Sample During Shearing 
During the shearing stages of the analyses, it was found that the octahedral shear to 
normal stress ratio within the elastic sample was in excess of the maximum stress 
ratio required to yield the soil. Octahedral stress ratio distributions within 51mm high 
samples having smooth and rough walls are presented in Figure 6.29. The stress 
distributions were derived from the boundary stresses recorded after a shear 
displacement of 5mm. The peak stress ratio was mobilized on the shearing interface 
at the base of the sample at this stage. The peak stress ratio was set equal to 0.75. 
The octahedral stress ratios exceeded the yield criterion within the entire sample when 
the smooth walls were specified. This occurred due to the generation of 
complementary shear stresses on the elastic body. The 6-z component of the shear 
stress developed on the horizontal interface surface was transferred to the internal 
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(vertical) z-0 plane. However, the normal stress on the internal vertical plane was less 
than on the horizontal plane due to the Ko effect, which allowed the yield criterion to 
be exceeded. In contrast, the yield criterion was only exceeded within the lower half 
of the sample when rough walls were used in the analysis. This was due to the 6-z 
component of the shear stress reducing from the base to the top of the sample as a 
result of wall friction. 
Figure 6.29 Octahedral Shear to Normal Stress Ratios 51mm High Sample with 
Rough Walls (Right) and with Smooth Walls (Left) 
The initial assumption that the sample could be described as being elastic is therefore 
invalid and will cause the sample to behave in a stiffer manner than it would had yield 
been considered within the sample continuum. The ability of the numerical model to 
simulate real behaviour is therefore limited, however the model still has some use as a 
tool to investigate the stress distributions and relative effects of the boundary 
conditions on the data. 
6.6 Comparisons of Boundary Forces and Displacements 
The boundary forces and displacements from the analysis were compared with assess 
the global effects of changing parameters that control local element behaviour. The 
forces acting on the shearing interface and the loading ring were either found directly 
from the analysis or calculated from the summation of the element stresses. The 
displacements of the loading ring and the point of fixity were output from the 
analysis. 
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6.6. I Effects of Wall Friction and Sample Height 
The total shear loads acting over the area of the load cell during shearing for cases one 
to four are presented in Figure 6.30. The shear displacement has been normalized by 
the sample height. The load-displacement curves were essentially identical for both 
cases having frictionless walls and the case allowing friction on the walls of a 
10.5mm high sample. The shear loads increased linearly up to the peak shear load 
and then were constant until the ultimate state was reached. The ultimate state was 
not fully reached in these analyses because elastic relaxation occurred when the first 
element switched from the peak to the ultimate value, as described in Section 6.4.2. 
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Figure 6.30 Comparison of Shear Load over the Load Cell Area 
In contrast, the shear load increased more rapidly during the analysis shearing the 
51mm sample and having rough walls. As shown in Section 6.5.3, the presence of 
rough walls allowed the interface elements to yield at an earlier stage during shearing 
than in the equivalent analysis using smooth walls. This caused the dilation to begin 
sooner and consequently to reach the dilation cap before the analysis using smooth 
walls. Similarly, the shear load over the load cell area increased more rapidly and 
reached the peak stage earlier than in the other analyses. The residual state was 
reached during the analysis using rough walls and the 51mm high sample. This 
indicated that the effects of elastic relaxation on this system of equations were 
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Figure 6.31 Normal Load on the Loading Ring During Shearing 
The vertical loads during simple shear were constant and equal to that on the interface 
while the normal load decreased during shearing when wall friction was present The 
normal load decreased on the loading ring as dilation at the shearing interface forced 
the elastic sample upwards and caused the vertical component of the shear stress to 
rotate past the horizontal and change direction. To maintain equilibrium of the 
vertical forces, the normal stress over the loading ring area must reduce, as the normal 
load on the interface is held constant. 
The vertical displacements of the loading ring followed similar trends to those 
observed in Figure 6.30. The vertical displacements of the loading ring during these 
analyses are presented in Figure 6.32. The shear and vertical displacements have 
been normalized by the sample height. The normalized vertical displacement from 
the analysis using the 51mm high sample with smooth sides was less than in the other 
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Figure 6.32 Comparison of Vertical Displacements During Shearing 
The vertical displacement of the loading ring during consolidation increased with 
increasing wall friction, as was expected. During shearing, the data from analyses 
with little or no wall friction had three stages (only two stages are shown in Figure 
6.32). The first stage shows elastic deformation where there is little or no vertical 
movement of the loading ring. The vertical displacements linearly increase during the 
second stage, which reflects dilation caused by the slip between the elastic sample and 
the rigid confining structure. The residual state is reached in the third stage where 
shearing occurs with no further volume change. When wall friction was present the 
displacement curve consisted only of the plastic and residual stages. 
The total displacement of the loading ring was greater during analyses having rough 
walls than in equivalent analyses having smooth walls. Elastic unloading of the 
sample caused the additional displacement to occur. Dilation at the interface forces 
the elastic sample upwards against the confining walls generating shear stresses. To 
maintain equilibrium, the vertical load on the loading ring has to reduce, which allows 
the elastic sample to expand in the vertical direction. 
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The rigid body displacements of the points of fixity in the 51mm rough and smooth 
analyses are shown in Figure 6.33. The fixity was allowed to deform in the vertical 
and theta directions. The point of fixity was observed to displace more in the theta 
direction during the smooth analyses than the rough because movement of the sample 
was not hindered by wall friction. The vertical displacement of the fixity was greatest 
during the rough analyses, as per the displacement of the loading ring. The 
displacement of the fixity in the vertical direction was one half of the loading ring 
displacement. As the point of fixity was chosen to exist at the mid height of the 
elastic sample, this was not surprising but these results provide further confidence in 
the coding of the computer program. 
Shear Displacement (mm) 
Figure 6.33 Comparison of Fixity Displacements 
The data presented above show that the vertical displacement and stresses at the 
loading ring are significantly affected by wall friction when the load on the interface 
load cell is held constant. If this occurs in the MKII ring shear the observed average 
stress-strain behaviour may not reflect the true interface behaviour. Fortunately, the 
vertical stresses on the loading ring in MKII ring shear tests using interface control do 
not seem to reduce as drastically as suggested by the numerical analysis, which 
suggests the influence (or magnitude) of the wall friction is not great. In any event, 
the use of thin samples would negate any effects of wall friction. 
Development of a Large Diameter Ring Shear Apparatus ami its Use for Intel face Testing &?£ 
Chapter 6 -A Numerical Analysis of the Ring Sliear Apparatus 167 
The data shown in Figure 6.30 do not correspond with experimental data. Stress ratio 
data from CNL tests shearing 10.6mm and 40.7mm high silica sand samples against 
the rough interface were presented in Figure 5.27. The displacements to the peak 
stress ratios, and hence shear stresses, were almost identical in these tests. This 
suggests that either wall friction had no effect on the data or that shearing was 
localised within a shear band of similar thickness in each test. As the numerical 
analyses have shown that wall friction can have a significant effect on the 
displacement to the peak shear stress it is more likely that shearing was localised 
within a shear band in each test. 
6.6.2 Effects of the Elastic Stiffness 
The effects of the elastic stiffness of the sample on the boundary stresses and 
displacements were studied by comparing the results from the analysis of cases 1 and 
5 in Table 6.2. These analyses used 51mm high samples with rough walls. The 
analysis of Case 1 used an elastic modulus equal to 2.6MPa and case 5 had a modulus 
of 50MPa. The shear and normal loads on the interface and on the loading ring 
during these analyses are compared in Figure 6.34. The shear loads are shown using 
solid markers and open markers depict the normal loads. 
Figure 6.34 Comparisons of Some Effects of Varying Stiffness 
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Increasing the elastic stiffness of the sample had the effect of decreasing the 
displacement required to mobilize the peak shear stress on the interface. The residual 
state was unable to be mobilized during the analysis having SOMPa stiffness as the 
effects of the elastic relaxation on equation convergence were magnified. 
Increasing stiffness also decreased the vertical displacement required for 
consolidation and the subsequent dilation, as shown in Figure 6.35. This result 
suggests that increasing stiffness decreases the effects of wall friction on the 
displacements. 
Figure 6.35 A Comparison of the Effects of Stiffness on Displacement 
Loose sand may have an elastic stiffness in the order of 50MPa. In ring shear tests on 
sand, the displacements to the peak (if any) and residual states are much greater than 
observed during the numerical analyses. This results from the assumption that the soil 
sample remains elastic during shearing, when in reality it would yield. 
6.6.3 Effects of the Ring Shear Radius 
To assess what effects the variation of the shear strain across the width of the sample 
had on the interface stresses data from analyses having a sample having an inner 
radius of 79mm and 479mm were compared. All other parameters were held 
constant. 
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The tangential shear forces over the area of the interface load cell in these analyses 
are shown in Figure 6.36. 
Shear Strain 
Figure 6.36 Comparison of Shear Load with Radius 
The forces were similar for the majority of the shear displacement and differed only 
during the transition from the peak to the ultimate states. The transition was more 
progressive during the analysis using an inner radius of 79mm because the shear 
strain variation across the sample was greater than in the analysis using the 479mm 
radius. 
A comparison of the vertical displacements of the loading ring for the two cases is 
presented in Figure 6.37. Again, the vertical displacement curves were almost 
identical until the dilation cap was reached. The last portion of the displacement 
curve for the analysis having an inner radius of 79mm was less than in the other 
analysis. The element at the outer radius reached the dilation cap well before the 
element near the inner radius causing this progressive displacement. 
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Figure 6.37 A Comparison of the Vertical Displacement with Radius 
The radial forces over the area of the load cell in each of these analyses are shown in 
Figure 6.38. Although the magnitudes of the forces are small compared with the 
torsional component of the shear force, the radial force in the analysis using an inner 
radius of 79mm was up to 8 times that in the analysis using the larger radius. 
0.045 
-** Inner Radius = 79mm 
- • - Inner Radius = 479mm 
0.0 0.5 1.0 1.5 2.0 
Shear Displacement (mm) 
Figure 6.38 Radial Forces across the Load Cell 
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The friction angle in the radial direction (tan'^T/oJ) was computed at a shear 
displacement of 1.5mm over an area of 21mm2 and using a vertical stress of O.I5MPa. 
The friction angle was about 0.06° in the analysis using the large radius and about 
0.36° when the smaller radius was employed. In the equivalent large diameter ring 
shear teste using silica sand; the residual friction angle in the radial direction was 2.3°. 
If the ratio of the friction angles in the radial direction computed during the analyses 
reflects real behaviour, then the residual friction angle in the radial direction in an 
equivalently designed ring shear having an internal radius of 79mm would be in the 
order of 14°. Assuming the resultant stress ratio at the interface is 0.6, which is 
typical of rounded silica sand, this would cause the stress ratio measured in the 
tangential direction to be about 0.55. This type of small diameter ring shear device 
may under-predict the stress ratio measured in the tangential direction by about 9% 
due to effects associated with a radial component of shear stress. 
The radial stress distribution shown in Figure 6.22 suggests that the soil would move 
equally to the inner and the outer radii of the sample container during shearing. 
However, it was reported in Chapter 5 that soil was observed to migrate only to the 
outer radius. It is suggested that the analysis did not reflect the real behaviour 
because the sample was allowed to remain elastic although the octahedral stresses had 
exceeded the yield point. If the sample were allowed to become plastic, yield would 
have occurred initially on the vertical 8-z plane. The sample would have then been 
able to dilate in the tangential direction, which would have increased the normal stress 
on the 9-z plane. As the sample is axi-symmetric, the normal stress in the radial 
direction at the outer radius would then increase to maintain equilibrium and the 
sample would have a tendency to move radially outwards. This may explain why the 
radial stress component was under-predicted in the numerical analysis. 
Bishop et al (1971), found that the residual friction angle of clay measured using 
multiple reversals of a shear box was up to 50% greater than when a ring shear was 
used. They suggested that this was due to the reversal of the direction of shear in the 
shear box causing a rougher slip plane to occur than when the uni-directional ring 
shear was used. Bishop et al presented some experimental evidence supporting this 
argument. While this may be the case, the combined effects of assuming the interface 
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stresses were uniform and the presence of radial shear stresses appear to cause (fre 
Bishop type of ring shear to under-predict the residual stress ratio by up to 10%. It is 
interesting to note that Lupini et al (1981), have suggested that "(he residual strengths 
evaluated from the laboratory ring shear apparatus are usually a lower bound to the 
values from back-analysis of actual failures". It is possible that a full elasto-plastic 
analysis of the SU ring shear system would find a radial component of the resultant 
shear stress on the interface that is greater than currently suggested. If this were the 
case, the data from small diameter ring shear devices may be further in error. As a 
consequence, the interpretation of the stress-strain relationship of sand shearing 
against an interface from the results of small diameter ring shear tests may be 
misleading. In practice, these errors are not critical as under-predicting the maximum 
shear stress will result in conservative design. 
6.7 Effects of the type of Normal Stress Control 
The effect of applying a controlled normal stress to the interface compared with 
controlling the normal stress at the loading ring was studied by analysing case 5 and 
case 6 in Table 2. These analyses were conducted using a 51 mm high sample with 
rough walls and an elastic modulus of 50MPa. 
Shear and normal loads on the interface are presented in JSgure 6.39 for these 
analyses. The square markers indicate the analysis that controlled the normal stress at 
the loading ring and the diamond markers represent the analysis controlling the 
normal stress at the interface. The data show that, when the normal stress is 
controlled at the loading ring, the interface stresses become much greater than when 
the normal stress is controlled at the interface. The trend of these results is similar to 
that observed in the ring shear test data. The interface stresses become large due to 
wall friction. The interface stresses have to increase to maintain equilibrium in 
conjunction with the wall stresses and the loading ring stresses. During the period of 
elastic shearing, the slope of the shear load-displacement curves was similar in each 
analysis. The curves diverged as the dilation mobilized wall friction. During the 
transition from the peak to residual states the normal stress increased as the shear 
stress decreased in the analysis subject to interface control. This was caused by a 
reduction of the tangential component of the shear stress, which had the effect of 
.
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increasing the vertical component of shear. The interface normal stress then increased 
to maintain equilibrium. 
Figure 6.39 Interface Stresses in Tests Using Differing Control Methods 
The vertical displacements of the loading ring during these analyses are presented in 
Figure 6.40. When the normal stress was controlled at the loading ring, the loading 
ring showed an initial contraction followed by a period of dilation until the residual 
state was reached. This trend is similar to that observed in all ring shear tests. The 
shape of the curve was affected by rotation of the wall shear stresses. Immediately on 
shearing, the wall shear stresses rotate from the vertical. To maintain the normal 
stress on the loading ring, the loading ring has to lower. When dilation occurs on the 
interface the loading ring has to rise to maintain its target stress but the rate of 
increase is affected by the wall shear stresses rotating. 
It was striking that the interface shear load and vertical displacement curves obtained 
from the analyses where wall friction had a significant effect on the interface data 
appeared similar to the shape of equivalent curves from the ring shear tests. This is in 
sharp contrast to th® In-linear shear load and linear vertical displacement curves 
obtained from the numerical analyses wb% smooth walls. This suggests that 
progressive failure within a real soil sample and the necessity to maintain equilibrium 
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as the wall stresses rotate might be responsible for the shape of the experimental 
curves. However, it is unlikely that wall friction is the cause of progressive failure in 
ring shear tests. Stress ratio data were recorded at the interface from tests with 
varying sample height and presented in Figure 5.27. The curves in these tests were 
observed to be almost identical suggesting that a shear band of similar height formed 
in each of these tests, which minimized the effects of wall friction. 
Shear Displacement (mm) 
Figure 6.40 Loading Ring Displacements using Different Control 
If progressive failure within a soil does not affect the shape of shear stress curves in 
ring shear tests, then it suggests that the simple flow rule used in the analyses does not 
approximate real soil behaviour well. There are a number of ways to fit the analytical 
data to the experimental results. One method explored during the creation of the 
model was to apply a hyperbolic flow rule to the elements. The numerical results 
modelled the shape of an experimental shear stress curve well and allowed the 
residual state to be reached because it minimized the elastic relaxation of the sample 
during an increment of displacement. However, the hyperbolic flow rule was not 
adopted during the analyses reported here, as its use would further complicate the 
interpretation of the data. Another method of simulating ring shear data would be to 
artificially cause progressive failure on the interface. This could be achieved by 
specifying a statistical distribution of the dilation cap to the interface elements. In the 
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model used, the dilation cap was constant for all the elements. This implies that the 
sample is uniformly dense. In reality, the packing of sand will vary across the width 
of the interface causing the total dilation within a shear band having fixed thickness to 
vary with the density. A statistical distribution of the dilation cap would cause a more 
progressive yielding of the sample elements than was present in the current model and 
might approximate the curved pattern of ring shear stress data better. 
6.8 Summary 
A simple numerical model was created to describe how an idealised elastic sample 
would behave when subject to similar boundary conditions to those imposed by the 
MK1I ring shear apparatus. The numerical model was based on the sub-structure 
approach where the sample remains elastic and yielding is constrained to occur within 
an infinitesimal "jam" between the sample and the confining structure. The model 
was not expected to replicate real soil conditions but to allow a qualitative assessment 
of effects that the boundary conditions had on the stress distributions on and within 
the sample as well as the loads recorded by the ring shear instrumentation. Indeed, it 
was found that the assumption that the sample would remain elastic was violated 
during shearing. The octahedral stresses within the sample exceeded the yield value 
due to the large complementary shear stress generated on the 0-z plane. The soil 
behaviour would have been more appropriately described using an elasto-plastic 
model. However, AGFEM does not have an elasto-plastic model built into it. Some 
consideration was given to modifying the elastic stiffness of yielded elements within 
the soil mass to approximate plastic behaviour. This would require the elastic 
interaction factors to be recomputed, once a soil element had yielded, at the beginning 
of each iteration. This would cause the run time for an analysis to significantly 
increase. Given that the run time of the elastic analyses was already in the order of a 
week it was considered that analyses using an elasto-plastic soil model would not 
produce sufficient additional information to justify the additional run time. Other 
FEM packages that were available did not have the ability to apply behavioural laws 
between the soil and the interface. 
Hie results of the analyses showed that normal and tangential shear stress 
distributions across the width of the interface were affected by wall friction but by and 
large were reasonably uniform. The stress distributions were most uniform when the 
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height of the sample was least. This suggested that using thin samples in ring shear 
tests would be preferential to using thick samples. However, as discussed in Chapter 
5, there are practical complications in the use of thin samples. 
One method discussed in Chapter 5 of overcoming the difficulties in testing thin 
samples in the ring shear 1$ to control the magnitude of the normal stress at the 
loading ring rather than at the interface. Numerical simulations were run to compare 
the effects of both types of load control. It was found that the total shear and normal 
loads mobilized on the interface were greater when loading ring control was used than 
when interface control was employed. The experimental data also showed this to be 
true. The load increase on the interface was caused by wall friction interacting with 
the applied vertical load. 
A radial component of the shear stress was observed on the interface in Chapter 5. 
The magnitude of this stress was insufficient to significantly affect the resultant shear 
data. However, it was speculated that the radial component of the shear stress may be 
more significant in small diameter ring shear devices. Numerical analyses were 
conducted to compare data when large and small diameter samples were sheared. It 
was found that the radial component of the shear stress was about 3.5 times greater on 
the interface of a sample with an inner radius of 79mm than on a sample with an inner 
radius of 479mm. Shear stresses are not recorded in the radial direction in common 
ring shear apparatus. Thus it was inferred that the shear stresses recorded during tests 
using small diameter ring shear apparatus might under-predict the maximum shear 
stress on the interface by around about 5-7%. 
T 
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CHAPTER 7 
SOME RESULTS FROM RING SHEAR 
TESTS 
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7.1 Introduction 
The data presented in this chapter provide a brief study of some factors affecting 
sand-structure interaction. Limited numbers of monotonic CNL tests were conducted 
shearing Sydney and Barry's Beach sand against the rough and smooth interfaces to 
assess factors affecting the interface strength and soil deformations. Results from 
some displacement-controlled cyclic tests and from one stress-controlled cyclic test 
are presented as a comparison. CNS tests were also conducted shearing Sydney and 
Barry's Beach sands against the rough and smooth interfaces to assess effects 
associated with the normal stress varying on the interface. CNS tests designed to 
directly reproduce pile-sand interaction data reported in the literature were conducted 
but are not reported, as they were particularly unsuccessful. Some guidance regarding 
how the behaviour of an element of a piles shaft might be modelled using ring shear 
tests is provided. Last, advantage was taken of the ring shear's ability to shear a 
sample to an unlimited displacement to investigate some factors associated with grain 
crushing against an interface. 
7.2 Results from CNL Tests 
Monotonic tests were conducted using normal stresses of 50kPa, 150kPa, 300kPa and 
450kPa. In all of the tests the average normal stress was controlled at the interface 
and the target sample height was 40mm. The test parameters are presented in Table 
7.1. The sample's height and density are reported after consolidation had been 
completed but prior to the commencement of shearing. These values were considered 
more representative of the soil's state immediately prior to shearing than the initial 
sample height and density. As the sample placement procedure attempted to create 
reproducible samples prior to consolidation, the samples subjected to different normal 
stresses may have had similar initial densities but have had different densities after 
consolidation was completed. 
As alluded to in Chapter 5, a number of tests were conducted over a range of sample 
heights. A sample height of 40mm was chosen for the tests outlined in Table 7.1 
because it improves the stress uniformity at the interface compared with using thinner 
samples. Residual stress ratio data from tests with varying sample height are also 
reported in this Chapter although the test parameters are not outlined in Table 7.1. 
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Residual shear stresses are plotted against the normal stresses for tests conducted 
using both the rough and smooth interfaces in Figure 7.1. The residual stress ratio 
was computed as the average of the stress ratios recorded after a shear displacement 
of 50mm. The average residual stress ratios from the lines of best fit through the 
individual test data were 0.61 and 0.52 for silica sand sheared against the rough and 
smooth interfaces respectively and 0.67 and 0.58 when calcareous sand was sheared 
against the rough and smooth interfaces. Although the correlation between the data 
points was excellent, there was a trend for the residual stress ratio to increase as the 
normal stress increased. This trend is presented more clearly in Figure 7.2. In Figure 
7.2, the residual stress ratios from all of the CNL tests are plotted against the normal 
stress applied to the sample in those tests. The residual stress ratio increased by about 
5% over the range of normal stress applied to the sample when silica sand was used. 
When calcareous sand was used, the residual stress ratio increased by about 20% over 
the range of the normal stresses. These increases appeared to be independent of the 
surface roughness of the interface. 
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The data presented in Figures 7.3 and 7.4 are related. The density was shown in 
Chapter 5 to be a function of the sample height. As a result, it is not clear whether the 
increasing density or the increased confinement of the sample was responsible for the 
increase in the stress ratio. 
The effects that the normal stress and density appeared to have on the residual stress 
ratio may have been caused by grain crushing adjacent to the interface. Grain 
crushing is known to increase as the normal stress increases. Grain crushing has the 
effect of reducing the average particle diameter and would increase the value of the 
normalized roughness. Uesugi & Kishida (1986b) showed the residual stress ratio 
increased as the normalized roughness increased until the internal friction angle of the 
sand was reached. This would explain why the residual stress ratio would apparently 
increase in tests using a smooth interface but would not explain why the residual 
stress ratio increased when the rough interface was used, as the upper limit to the 
residual stress ratio should have been reached. However, grain crushing also has the 
property of increasing the angularity of the sub-particles relative to their parent 
material. It is well known that increasing particle angularity and decreasing particle 
diameter increases the stress ratio and this may explain the increases observed in the 
residual stress ratio data of silica sand sheared against the rough interface. 
The behaviour described above is in contrast to trends observed by Noorany, (1985). 
Noorany found that the internal residual fnction angle of calcareous sand did not 
change when samples of different grain size were sheared. However, these tests 
sheared sands of similar grain size against each other rather than shearing samples 
against an interface having different roughnesses. The relative roughness at the shear 
plane would have been similar for all of Noorany's tests irrespective of grain size. 
Additionally, as the roughness of crushed calcareous sand particles is likely to be 
similar to the intact sample, increasing angularity is unlikely to affect the residual 
stress ratio. 
The residual stress ratios reported above and the peak stress ratios reported in the next 
section, for Barry's Beach sand sheared against the rough interface were less than the 
sands internal friction angle reported by Tabucanon (1997) from standard shear box 
tests. This occurred despite its normalized roughness (Uesugi et al, 1986b) being of 
X 
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sufficient magnitude (1.2) to suggesting that internal shearing should oegm adjacent 
to the interface. As Barry's Beach sand has a broader grading than Sydney sand it is 
possible that the average particle diameter did not represent the properties of the 
calcareous sand as well as the silica sand. Thus an uncrushed sample of Barry's 
Beach sand may have an effective grain size relative to the roughness of the interface 
that induced shearing along the interface, whereas as the sand crushed the relative 
roughness allowed the sand to trend towards its internal stress ratio. 
In Chapter 4 it was observed that the residual stress ratio decreased in shear box tests 
as the normal stress and the sample's density increased. This was explained by 
inferring that increasing normal stress and density helps to create a more tightly 
packed sample which promotes a 'sliding' mode of shearing rather than a 'turbulent* 
mode of shearing. Lupini et al, (1981) have suggested that the sliding mode of 
shearing produces smaller stress ratios than the turbulent mode of shearing. While 
this mechanism may explain trends in the data from shear box tests it does not fit the 
results of the ring shear tests. The geometry of the shear box is considered likely to 
promote sliding of the sample block, whereas the sample is likely to shear within a 
band adjacent to the interface in the ring shear. It is believed that the ring shear data 
represented the behaviour of sand shearing against an interface better than shear box 
data. 
7.2.2 Peak Stress Ratio Data from Monotonic Tests 
Peak shear stresses from the tests conducted! using the rough interface are plotted 
against the normal stress in Figure 7.5. The peak stress ratios obtained from the lines 
of best fit were 0.66 for Sydney sand and 0.75 for Barry's Beach sand. The data from 
these tests did not correspond with common experience for tests finding the internal 
friction angle of sand. The peak stress ratio is usually observed to reduce as the 
normal stress applied to the sample increases. However, the interface data suggested 
that the peak stress ratios were minimally affected by the magnitude of the normal 
stress. The difference in the trends may have been due to the load cells not 
adequately representing the average normal stress during the early stages of shearing, 
as discussed in Chapter 5. However, it is more likely that these effects were caused 
by the factors that increased the stress ratio with normal stress as was discussed in the 
previous section. 
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Figure 7.5 Peak Shear Stress Plotted against Normal Stress 
The shear displacement to the peak shear stress is plotted against the sample height in 
Figure 7.6 for ring shear tests shearing silica sand against the rough interface. There 
was a considerable amount of scatter observed in tests using a sample height of about 
10mm. This was due to effects caused by non-uniform stress distributions around the 
ring shear as discussed in Chapter 5. The data suggest that the displacement to 
mobilize the peak shear stress increased slightly with the sample height, but was not 
proportional to the increase in the sample height. There was no clear explanation for 
the trends observed in the data. It was considered possible that the displacement to 
the peak shear stress increased with the sample height because there was a 
corresponding decrease in the sample's density. It was shown in Chapter 6, from the 
results of the numerical analyses, that the displacement to the peak shear stress of an 
elastic sample increased as the sample height increased. Following this trend, the 
displacement to the peak shear stress observed in the experiments may be a reflection 
of the thickness of the shear zone adjacent to the interface. As the increase in the 
displacement to the peak shear stress with height was small, it could be argued that 
the thickness of the shear band was essentially independent of the sample height A 
displacement to the peak shear stress of 5mm is equivalent to 20 times the average 
particle diameter. 
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Figure 7.6 Displacement to Peak Shear Stress vs Sample Height 
The numerical analyses presented in Chapter 6 indicated that the displacement to the 
peak shear stress reduced as the wall friction increased. Increasing wall friction 
caused the interface elements to reach yield at earlier shear displacements. These 
trends were not observed in the experimental data, which is an indication that wall 
friction had little or a similar effect in these tests. This may provide further evidence 
that shearing occurred within bands of similar height in all of the tests. 
The displacement to the peak shear stress is plotted against the applied normal stress 
in Figure 7.7. There was no clear effect of the normal stress on the displacement 
discernible in the data, although there was a suggestion that the displacement was 
slightly greater as the normal stress increased. The shear displacement to .the peak 
shear stress ranged, in general, between 3mm to 6mm for tests using silica sand, 
corresponding to between 12dso and 24dso. The displacement in tests using Barry's 
Beach sand was between 4mm and 5mm, which is equivalent to between 13d50 and 
17d50. 
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Figure 7.7 Displacement to Peak Shear Stress vs Applied Normal Stress 
7.2.3 Soil Deformations During Shearing 
Vertical displacements of the loading ring from the CNL tests listed in Table 7.1 are 
presented below. 
Vertical displacements from the tests shearing Barry's Beach sand against the smooth 
interface are presented in Figure 7.8. A sharp contraction was observed during the 
initial stages of shearing followed, in general, by a more gradual volume decrease. 
Some dilation appeared to have occurred in the test having a normal stress of 50kPa, 
although this may have been a side effect of the load cells not representing the 
interface average stress well. The total contraction was observed to increase as the 
normal stress increased. 
Similar trends to those observed in the tests conducted using calcareous sand were 
seen in the vertical displacement data from tests shearing Sydney sand against the 
smooth interface. The vertical displacements from these tests are shown in Figure 
7.9. Again, a large initial contraction was observed in all of the tests followed by a 
more gradual volume decrease as shearing progressed. There was a slight indication 
that some dilation occurred during the test subject to an applied normal stress of 
50kPa at a shear displacement of about 2mm, although this is not obvious. 
— . ==-
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Shear Displacement (mm) 
Figure 7.8 Vertical Displacements from tests shearing Barry's Beach sand against 
the Smooth Interface 
Shear Displacement (mm) 
Figure 7.9 Vertical Displacements from tests shearing Sydney sand against the 
smooth interface. 
Although a trend of increasing compression with increasing normal stress was 
observed, the vertical displacements from the test conducted using 450kPa normal 
stress were less than that using 300kPa normal stress. This was considered to reflect 
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the slightly lower density in the test conducted using a normal stress of 300kPa. 
Similar density variations occurred in the teste on calcareous sand but did not appear 
to affect the trend. The behaviour of the silica sand appears to be more sensitive to 
the sample density than that observed when calcareous sand was used. 
Vertical displacements from tests shearing Barry's Beach sand against the rough 
interface are shown in Figure 7.10. Once the initial compression had occurred, the 
samples were observed to dilate. A gradual contraction was again observed on further 
displacement, once dilation had ceased. An overall contraction of the sample 
occurred by the end of each test. The total displacements were greater when the 
rough interface was used than the equivalent test using the smooth interface. 
Shear Displacement (mm) 
Figure 7.10 Vertical Displacements from tests shearing Barry's Beach Sand against 
the Rough Interface 
Vertical displacements during tests shearing Sydney sand against the rough interface 
are presented in Figure 7.11. Similar trends were observed to the tests shearing 
Barry's Beach sand against the rough interface. The initial compression was 
proportional and the dilation inversely proportional to the normal stress. A slight 
contraction was observed in all of the tests once dilation had ceased. 
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Shear Displacement (mm) 
Figure 7.11 Vertical Displacement Data/from tests shearing Sydney sand against 
the Rough Interface 
Three stages of shearing were observed to occur in these tests. There was the initial 
contraction, followed by dilation if the rough interface was used or the normal stress 
was low and then a gradual contraction as shearing continued. The initial contraction 
was likely caused by re-orientation of the particles causing them to occupy some of 
the void space. The dilation occurs by the particles rising up over one another while 
the contraction on further shearing may be caused by grain crushing adjacent to the 
interface. The contraction observed after dilation had ceased may have been at least 
partly due to relaxation of the sample outside a shear band, as was observed in the 
numerical data in Chapter 6. All of the stages of shearing are likely to be influenced 
by the normal stress, the sample's height and density. 
Normalizations of the vertical displacement data were attempted to assess whether 
one of the normal stress, height or density could explain the observed results. In 
general the normalizations were not successful. The only successful normalization 
occurred for the tests shearing calcareous sand against the smooth interface (Figure 
7.8). These vertical displacements were normalized by the square root of the normal 
stress and they are plotted against the work applied to the interface in Figure 7.12. 
The applied work was calculated as the summation of the product of the increment of 
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shear displacement by the average shear stress and the product of the increment of 
vertical displacement by the average of the normal stress during the increment. The 
total work at the interface is given in Equation 7.1. 
Work B (on.un + xs.us).A + W0 7.1 
where CTn = average normal stress at the interface 
un— increment of vertical displacement of the loading ring 
TS = average shear stress at the interface 
us - increment of shear displacement of the interface 
Wo = the total work prior to the current displacement increment 
A = the surface area of the shearing interface 
The vertical displacement curves for tests conducted using normal stresses of 150kPa 
and higher were found to lie along a single line. The curve from the test using the 
50kPa normal stress did not follow the trend. 
Work (IcN.mm) 
Figure 7.12 Normalized Vertical Displacements plotted against the Work Applied 
to the Interface 
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The significance of normalizing the vertical displacement data by the square root of 
the normal stress was not clea& The convergence of the normalized data from 
calcareous tests may have been entirely coincidental or the compressive behaviour, 
perhaps resulting from grain crushing, was related to the square root of the normal 
stress. 
7,2.4 Cyclic Tests 
A series of one and two-way displacement controlled cyclic tests was conducted 
shearing Sydney Sand against the rough interface. The tests were conducted under a 
constant normal stress of 150kPa. In eachlest, the sample was monotonically sheared 
for about 110mm and then cycled. Once cycling had been completed the sample was 
then monotonically sheared for at least another 100mm. The test parameters are 
shown in Table 7.2. 
Table 7.2 Two-way Cyclic Displacement Data 
Sample Height (mm) Density (kN/mJ) Displacement Number of Cycles 
Amplitude (mm) 
__ _ +/. 0.28 10 
10.3 15.3 +/-0.56 10 
+/-1.1I 10 
10.7 15.7 +/-2.78 10 
10.5 15.7 +2.78 to 0 20 
10.4 15.5 +1.11 to 0 20 
The one-way displacement controlled tests consisted of shearing the sample some 
distance in the forwards direction and then reversing the shear displacement until the 
original position was attained. The one-way displacement controlled tests were 
subject to twice as many cycles as the two-way tests to attain the same cumulative 
displacement. For example, the cumulative shear displacement during one cycle of 
the ±2.78mm test is 11.11mm, whereas the cumulative displacement during one cycle 
of the +2.78mm to 0mm test is 5.56mm. Thus the one-way test has to have twice the 
cycles of the two-way test to attain the same cumulative displacement. 
Shear stress data during the cyclic stage from the two-way tests are presented in 
Figure 7.13. 
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In all of the tests the reversal of the load or shear displacement commenced when the 
sample was at the residual state. The shear stress at the end of tile first unloading loop 
was the least in all of the teste and increased in magnitude at a decreasing rate daring 
cycling. In general, the shear stress at the end of the reloading loop was greater than 
the residual shear stress and incrementally increased with the number of cyclesv The 
exception was the data from the test cycled at ±2.78mm. The shear stress at the end 
of the first reloading loop was greater than the residual shear stress in this test and 
then progressively reduced to the residual state as cycling continued. 
Shear Displacement (mm) 
Figure 7.13 Shear Stress Data from Two-Way Displacement Controlled Tests 
The tests were all sheared monotonically after 10 cycles had been completed. A peak 
shear stress was mobilized in the tests cycled with displacement amplitudes of 
±1.11mm or less. The peak shear stress was least after cycling at ±0.28mm amplitude 
and greatest after cycling at ±1.1 lmm. No peak was observed during post cyclic 
monotonic shearing of the sample subjected to ±2.78mm displacement amplitude. 
Both the shear stress at the end of each cycle and the post cyclic shear stress were 
related to densification of the sample during cycling in the tests conducted using 
displacement amplitudes of ±1.1 lmm or less. A comparison of the vertical 
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displacements from these tests is shown in Figure 7.14. The shear displacements have 
been offset from their true values for clarity. 
Overall contraction was observed to occur in the sample in all of the tests during 
cyclic shearing. This has the effect of increasing the sample's density and its 
potential to dilate. Dilation began to occur towards the end of a cycle in all of the 
tests, and was greater in the later cycles, and greater in the tests having greatest 
displacement amplitude. Dilation of sand allows greater shear stresses to be 
mobilized than if no dilation were present. Hence the shear stresses at the end of a 
cycle and immediately post cycling were greatest when the dilation was greatest. In 
contrast, if the displacement amplitude is great enough to create a double hysteresis 
loop, such as observed in the test sheared at ±2.78mm, the shear stress at the end of a 
cycle and immediately post cycling approaches the residual state. It was shown in 
Figure 7.6 that the displacement to the peak shear stress was in the order of 3-6mm. 
The cyclic data suggest that the displacement to peak shear stress decreases as the 
sample density increases and can reach a state where the residual stress ratio can be 
reached within a displacement cycle. 
„ , -+-+/. 0J8mm 
0.6 i 
~#- +/- 0.56mm 
-*-+/-!.! lmm 
Shear Displacement (mm) 
Figure 7.14 Vertical Displacements from Two-Way Cyclic Tests (displacements 
offset for clarity) 
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The two-way cyclic displacement data recorded in the ring shear tests were replotted 
in terms of cumulative shear displacement and are presented in Figure 7.15. The data 
show that the rate of densification during cycling was similar for the tests having 
displacement amplitudes of ± l . l lmm or less. The test sheared at ±2.78mm did not 
density at the same rate. The additional dilation mobilized during this test caused the 
densification to occur more slowly. 
O.6-1 
-*-*t' 0.28mm 
-*• +/- 0.56mm 
Cumulative Shear Displacement (mm) 
Figure 7.15 Cumulative Cyclic Displacement Data from Two Way Tests 
The data from the one-way displacement controlled tests were similar to those from 
the two-way tests. The shear and displacement behaviour from the one-way tests was 
found to follow the trends observed in two-way tests having half the displacement 
amplitude. For example, the shear stress and vertical displacement patterns observed 
during the test cycled at +l . l lmm to 0mm were similar to those from the test cycled 
at ±0.56mm. The cumulative vertical displacements from the one-way tests are 
compared with ±0.56mm and ±2.78mm two-way test data in Figure 7.16. The 
magnitude of the vertical contractions in the tests without double hysteresis was 
similar for an equal cumulative shear displacement. However, the post cyclic 
displacements presented in Figure 7.16 show a remarkable correlation between the 
one-way and two-way data. The post cyclic dilation occurred in such a way that the 
vertical displacements from the +1.11 to 0mm and the ±0.56mm tests were essentially 
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equal, as were the displacements from the +2.78 to Omm and ±2.78mm tests. It was 
not obvious why this occurred, or if these results were more than just coincidental. A 
comparison of the data from the +2.78 to Omm test and the ±2.78mm test suggests 
that the similarity in the post cyclic displacement curve was independent of density. 
The post cyclic displacements from the large amplitude tests appear to trend towards 
those from the tests cycled with less amplitude. This may be an indication that a 
shear band is forming with a critical void ratio. The similarity in the post cyclic 
displacements may have something to do with the rate of propagation of the shear 
band. This shear band appears to either occur at a different void ratio than the one 
that would have formed prior to cycling or to have a different thickness. 
-*-+/-0.56mm 
-••-+/-2.7Smm 
c +/- i,ii/o mm 
-o-+/- 2.78/0 mm 
Cumulative Shear Displacement {mm) 
Figure 7.16 Comparison of One-Way and Two-Way Cyclic Displacements 
Shear and normal stresses are presented in Figure 7.17 from the stress controlled 
cyclic test. The shear stress was cycled between 0.7 times the normal stress and OkPa. 
This level was chosen because it exceeded the residual shear stress from similar 
monotonic t e s t s t a was less than the peak shear stress in these tests. Over 500 cycles 
were applied and then the sample was monotonically sheared at the end of cycling. 
The displacement of the interface required to attain the target shear stress was greatest 
during the first cycle and progressively diminished as cycling progressed. The 
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reloading curve appeared to become more stiff as cycling progressed. As was 
observed in the displacement controlled tests, the post cyclic shear stress formed a 
pronounced peak due to the densification of the sample. 
Shear Displacement (nun) 
Figure 7.17 Shear and Normal Stresses from the Stress Controlled Cyclic Test 
The vertical displacement during this test is shown in Figure 7.18 and shows a linear 
decrease with shear displacement. 
Shear Displacement (mm) 
Figure 7.18 Vertical Displacement from the Stress Controlled Test 
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The vertical displacement is plotted in terms of the cumulative shear displacement in 
Figure 7.19 and is compared with data from the ±0.56mm and ±2.78mm displacement 
controlled tests. The stress controlled data have been offset to the displacement where 
cycling commenced in the displacement controlled tests. 
0 , 6
 1 u +/• 0.56mm 
-H-+/-2.78mm 
Cumulative Shear Displacement (mm) 
Figure 7.19 Cumulative Cyclic Displacements 
The contraction in the stress controlled sample occurred at a rate intermediate to the 
±0.56mm and ±2.78mm data. The initial contraction was similar to the ±0.56mm data 
and approached the ±2.78mm data as cycling progressed. The displacements 
mobilized during post peak cycling approached those observed in the ±0.56mm test. 
The rate of contraction in the stress controlled cyclic test was probably proportional to 
the cumulative shear displacement within each cycle. 
7.2.5 Data from Cyclic Tests Using the CNS Shear Box 
Results from cyclic tests using the modified CNS shear box are presented in Figure 
7.20 for comparison with the ring shear data. Displacement controlled cyclic tests 
were conducted using shear box arrangements 13, 16, 17 and 18. The 13 and 16 
arrangements used the fixed load platen with the smooth surface, whereas the 17 & 18 
arrangements used the fixed platen with the rough surface. The 13 arrangement had 
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no wall lubrication, the 16 and 17 had lubrication placed on all the walls and the 18 
arrangement had lubrication on the end walls only. The initial normal stress applied 
to the top of each sample was 140kPa, the displacement amplitude was ±0.1 mm and 
the density ranged between 15.8kN/m3 and 16.2kN/m . 15te intention of these tests 
was not to compare the effects of the shear box arrangement. Rather, the tests were 
conducted to assess the performance of the CNS shear box in cyclic tests. 
The external shear stresses mobilized during the first 10 cycles are presented in Figure 
7.20. The data show that there were significant differences between the maximum 
and minimum shear stresses generated in each test. The stresses at the end of each 
half cycle were lOOkPa & -150kPa for the 13 test, 45kPa & -60kPa for the 16 test, 
60kPa & -45kPa for the 17 test and 60kPa & -60kPa for the 18 test. The differing 
magnitudes of the stresses in the tests may have been due to variations in the sample 
density or caused by the arrangement of the shear box. Although the cyclic 
displacement amplitude was less than in the ring shear tests, the shape of the curves in 
the shear box tests was vastly different to that observed in the ring shear data. As the 
externally recorded shear data may have been affected by the restraints applied to the 
top half of the shear box, as discussed in Chapter 4, data recorded by the interface 
load cell during these tests are also shown in Figure 7.20. The shear stresses on the 
interface followed similar trends to those observed in the external data. Clearly the 
boundary conditions applied to the shear box have a profound effect on the stresses 
and strains measured externally and at the interface during cyclic tests. Tne 
modifications to the shear box aimed at eliminating soil extrusion to improve the 
vertical displacement data in cyclic tests had the undesired effect of reducing 
confidence in the stress data. 
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7.3 Results from CNS Tests 
A series of monotonic tests was conducted shearing Sydney and Barry's Beach sand 
against the rough and smooth interfaces for a range of constant normal stiffness. The 
majority of tests were conducted using similar sample heights and density. The 
exceptions were the tests shearing Sydney sand against the smooth interface. These 
tests were conducted using two different sample heights and, as a result, different 
initial densities. Dense samples were prepared for tests using the rough interface, and 
relatively loose samples were prepared for tests using the smooth interface. An initial 
normal stress of 150kPa was applied to all of the tests. Some CNS data from tests 
using the modified CNS shear box are also presented for comparison. 
The parameters used in the various CNS tests are shown in Table 7.3. 
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Shear stresses are plotted against normal stresses mobilized during tests shearing 
Sydney sand against the rough interface in Figure 7.21. These curves show the 
effective stress paths for these tests. 
Normal Stress (kPa) 
Figure 7.21 Effective Stress Paths for tests shearing Sydney sand against the Rough 
Interface 
In all of these tests the shear and normal stresses combined to reach a peak strength 
and then reduced to a residual strength. A peak strength envelope can be observed in 
the test data and is curved in shape. A residual strength envelope can also be 
identified, and appears to be linear through the origin. The transition from 
compression (reducing normal stress) to dilation (increasing normal stress) appears to 
occur shortly after the point where the stress ratio passes through the residual stress 
envelope for the first time. In tests conducted with a normal stiffness greater than 
zero the normal stress initially reduced and then increased through the peak strength 
until the residual strength was reached. In the extreme, during the test conducted with 
a normal stiffness of lOOOkPa/mm, the normal stress continued to increase after the 
residual state was reached. This observation would appear to contradict critical state 
ideas, where shearing occurs at a constant stress ratio and with no further volume 
change. More likely, the increase of the shear stress up the residual state line reflects 
a growth in the thickness of the shear band adjacent to the interface. 
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The vertical displacements recorded during these tests are shown in Figure 7.22. In 
general, the vertical displacement was greatest when the stiffness, and normal stress, 
was least. The vertical displacement reduced with increasing stiffness, and normal 
stress, and appeared to reach a limiting value. A combination of sample height and 
density variations may have caused the vertical displacements from the 400kPa/mm 
and the lOOOkPa/mm tests to be equal. 
-"-K = 0kPa/mm 
-^•K=I00kPa/mra 
-*-K = 400JcPa/mm 
-*- K = 1000 kPa/mm 
Shear Displacement (mm) 
Figure 7.22 Vertical Displacements from Rough CNS Tests on Silica Sand 
The effective stress paths for CNS tests shearing Barry's Beach sand against the rough 
interface are presented in Figure 7.23. Like the tests using silica sand, peak and 
residual envelopes could be identified. Similarly, the normal stress increased most 
when the normal stiffness was greatest. In contrast to the silica sand, the normal 
stresses decreased once the residual strength envelope was reached. This was due to 
the calcareous particles crushing. Particle crushing reduces the volume occupied by 
the sample, which has the effect of reducing the normal stress in proportion to the 
applied stiffness. It was observed that the residual strength envelope was followed as 
the particles crushed. 
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150 200 250 300 
Normal Stress <kPa) 
Figure 7.23 Effective Stress Paths from tests shearing Barry's Beach sand against 
the Rough Interface 
The effects of particle crushing are indicated more clearly in the vertical displacement 
data presented in Figure 7.24. 
-*- K=0 kPa/mm 
-»-iC=I0OkPa/mm 
-*- K=400 kPa/mm 
-»-K=1000kPa/mm 
Shear Displacement (mm) 
Figure 7.24 Vertical Displacement Data from Rough CNS tests on Barry's Beach 
Sand 
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Once dilation had ceased, the vertical displacements reduced in all of the tests. The 
rate at which the vertical displacements decreased once dilation had ceased was 
greatest when the normal stiffness and normal stress were greatest. 
The effective stress paths for the tests shearing loose calcareous sand against the 
smooth interface are shown in Figure 7.25. Dilation was not observed in any of these 
tests, which resulted in the stresses trending directly to the residual strength envelope. 
Once the residual strength envelope had been reached the stresses reduced towards the 
origin of the plot. In the extreme, the stresses during the test subject to a normal 
stiffness of lOOOkPa/mrh reduced so rapidly that the normal stresses could not be 
accurately maintained at their target value within a shear displacement of a few 
millimetres. 
140n 
0 20 40 60 SO 100 120 140 160 180 200 
Normal Stress (kPa) 
Figure 7.25 Effective Stress Paths for tests shearing Calcareous sand against a 
Smooth Interface 
The vertical displacements during these tests are shown in Figure 7.26. The test 
having a normal stiffness of lOOOkPa/mm ceased at a shear displacement of 1.2mm 
when the normal stress had become small. In these tested Eke the equivalent constant 
load test% marked consolidation occurred during the first few millimetres during 
shearing and was followed by a more gradual volume decrease. The initial 
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contraction was of similar magnitude in all of the tests, which was the cause of the 
rapid reduction in the stresses during the test with a lOOOkPa/mm normal stiffness. 
The rate of compression after the initial contraction was greatest when the normal 
stiffness was least, which corresponded to the greatest normal stress. 
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Dilation was not observed in these tests. Although dilation appeared to occur in the 
test using a 10mm high sample subject to a normal stiffness of lOOkPa/mm, as the 
stresses reached the residual strength envelope and then reduced down the residual 
state line, this apparent dilation was most likely related to a non-uniform stress 
distribution at the interface. In general the initial contractions were greater as the 
sample height increased although the data from the test having a height of 10mm and 
a normal stiffness of 400kPa/mm contracted a similar amount to the tests having a 
sample height of 40mm. The rate of contraction as shearing progressed appeared to 
be similar in all of the tests, 
7.3.1 Data from CNS Tests Using the Modified Shear Box 
Some CNS tests were conducted using the 17 shear box arrangement. The 17 
arrangement restrained the top half of the shear box from lifting and rotating off the 
base. It also consisted of the fixed plate with the rough surface and had lubricated 
rubber strips placed on all of the walls in the sample container. The tests were 
conducted using dense sand samples. There was some variation in the density of the 
sample between the tests, which affected the relative magnitude of the stress 
increases. 13ie shear and normal stresses recorded at the boundaries of the sample in 
these tests are plotted against each other in Figure 7.29. 
Figure 7.29 Effective External Stress Paths for CNS Shear Box Tests 
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Unlike the ring shear data, shown in Figure 7.21, clearly defined peak or residual 
stress envelopes were not observed in the shear box data.' This was due to the effects 
that modifications to the shear box arrangement had on the external stresses, as 
discussed in Chapter 4. 
The effective stress paths of shear and normal stresses recorded by the interface load 
cell are presented in Figure 7.30. In contrast to the externally recorded data, a clearly 
defined peak stress envelope was observed in the data. There was some scatter in the 
residual strength envelope, which may be related to the magnitude of the normal 
stress or the mechanism of the sand shearing on the interface, as discussed in Chapter 
4.. The stress data recorded at the interface appear to be more consistent than the 
external results. However, although the interface data are likely to represent true soil 
behaviour, interpreting the data is complicated by variations in the initial stress and 
the development of the interface normal stress during shearing as dilation occurs. 
These factors were discussed in Chapter 4. Clearer interpretations of the interface 
data could have been made if the load cell had covered the entire area of the interface 
rather than just the central third. 
Figure 7.30 Effective Interface Stress Paths for CNS Shear Box Tests 
While the modifications made to the CNS shear box were aimed at facilitating CNS 
tests, the effects of the modifications on the recorded stresses rendered sensible 
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interpretation of the data difficult In contrast, the effects of the test parameters on the 
data in the tests using the ring shear were clearer, suggesting it was the more 
appropriate device for the conduct of CNS tests. 
7.4 On Selecting Parameters for CNS Tests to Model Pile-Sand Interaction 
Some preliminary attempts were made during the course of this thesis to use CNS ring 
shear tests to model small-scale pile test data. These efforts were unsuccessful largely 
because selecting appropriate test parameters was a complex task. A discussion of the 
selection of appropriate test parameters is presented in this section. No attempt was 
made to incorporate any of these ideas into the ring shear tests. 
The theoretical equation derived from elastic cavity expansion theory to describe CNS 
conditions is rearranged in terms of the normal stress in Equation 7.1. 
7.1 
where Acn — change in normal stress 
u = change in normal displacement 
G — the shear stiffness of the soil 
d = the diameter of the pile 
Equation 7.1 indicates that the change in normal stress is dependent on the volume 
change adjacent to the pile and the stiffness of the sand. However, both of these 
parameters are affected by the normal stress. The test data showed that dilation 
normal to the interface was suppressed as the normal stress increased and that the 
magnitude of contractions in loose soil was also linked to the level of the normal 
stress. The shear stiffness of sand has been shown to be proportional to the average of 
the principal stresses (e.g. Porovic & Jardine, 1994). 
The assumptions underpinning CNS testing, that the soil is elastic and subject to 
radial deformations small enough to prevent the soil from yielding, are clearly false 
with respect to piles founded in sand. However, applying the true boundary 
conditions to a sample in a laboratory direct shear test is beyond current theory and 
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practice. CNS testing has the advantage of simply modelling the complex effects 
volume change has on the normal stresses generated on the shaft of a pile. The art of 
conducting meaningful CNS interface tests on sand lies in the selection of appropriate 
test parameters. Some of the issues involved in parameter selection are discussed in 
the following sections. In particular, the choice of an appropriate value for the shear 
modulus, G, to be substituted into Equation 7.1 in order to compute the normal stress 
change is discussed. Some consideration is also given to the practical conduct of a 
CNS ring shear test once a value of the shear stiffness has been selected. 
7.4.1 The Soil Stiffness 
The small strain shear stiffness, Go, is usually adopted for the calculation of the 
applied stiffness for a CNS test, as this value is consistent with the theoretical 
assumption that the radial displacements are less than those required to yield the soil. 
However, obtaining an accurate measure of the small strain stiffness can be difficult. 
Chow (1996) described five possible sources from which the small strain stiffness 
could be obtained. It was suggested that Go could be found from the early stages of a 
triaxial test, from resonant column or tangential shear tests in the laboratory and from 
pressuremeter or seismic cone tests in the field. It was also suggested that correlations 
between CPT data and resonant column data could be used. Go may also be found 
from triaxial tests incorporating 'bender' elements. Chow suggested that seismic cone 
data might provide the best estimate of Go. Disturbance during installation may affect 
the accuracy of pressuremeter data. Laboratory tests suiter from the same limitation, 
as reconstituted samples must be used. Reconstituted samples may also not mirror in-
situ soil because of light bonding or 'aging* of the particles. 
Assuming an appropriate value of Go can be obtained, its application for CNS testing 
is limited. It has been well established (e.g. Bellotti et al, 1989 and Porovic & 
Jardine, 1994), that Go for sand is constant for cavity strains less than about 0.001% 
after which it rapidly reduces. This suggests that the soil adjacent to a 1000mm 
diameter pile would have to deform in the radial direction by less than 0.005mm for 
the stiffness to remain constant. If the radial deformations were ten times greater, i.e. 
approximately 0.01%, the shear stiffness may be expected to reduce to about 50% of 
its initial value. In comparison, the vertical displacements in all of the ring shear tests 
reported above were greater than ±0.05mm. If the radial deformations adjacent to & 
=^-
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pile were 0.1mm, which is in the order of, although less than, observed in the ring 
shear test data, the radius of a pile to justify theoretically the selection of G0 for 
substitution in Equation 7.1 would be 10,000mm. However, as the value of the 
constant normal stiffness (K«4Go/d) calculated for a pile of this diameter becomes 
small (K « 20-48kPa/mm), the stress changes on the shaft of this pile could be 
modelled using the simpler CNL boundary conditions. 
Chow (1996) presented a range of actual and inferred test data describing the change 
in normal stress adjacent to piles in silica sand. An analysis was conducted using a 
form of Equation 7.1 to assess whether elastic expanding cylinder theory could be 
used to model the data. The small strain shear stiffness was computed from CPT 
correlations. The analysis showed that radial deformations in the order of 0.01mm to 
0.02mm were required to fit the data. Chow suggested that these deformations were 
likely to be similar to the actual deformations because they were equivalent to the 
peak to trough roughness of the pile surfaces. However, the diameters of these piles 
were in the order of 20mm to 172mm, which suggests that the cavity strains were in 
excess of those associated with Go. A radial deformation of 0.02mm would have 
resulted in a cavity strain of 0.04% around the pile that Chow used for testing, which 
is approximately 40 times greater than the strain associated with Go. 
In order to accurately model pile-sand interaction using the ring shear, a varying 
normal stiffness dependent on the normal stress and strain should be applied to the 
sample. Even if an accurate relationship could be found, practical testing would 
require a servo-controlled feedback system similar to that developed for the SU MK1I 
ring shear. Simple CNS apparatus based on reacting soil displacements against a 
spring beam would be of limited use. However, it may be possible to select a 
representative value for the constant normal stiffness from a numerical analysis, that 
utilises an appropriately varying stiffness distribution, to allow CNS tests to predict 
the stress changes more accurately than if the small strain stiffness were used. The 
conceptual structure of such an analysis is outlined below. 
As discussed by Atkinson (2000)* several hyperbolic equations exist in the literature 
to describe how the elastic stiffness varies in soil. Atkinson proposed a simple model 
in which the elastic stiffness varied with the shear strain. As a first approximation, it 
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the subsequent stress changes can be modelled by selecting an appropriate value for 
the fitting power *p\ Atkinson suggested that the parameter 'p* ranged between 0.1 
to 0.5 and that eo was in the order of 0.001%. Shear stiffness data from pressuremeter 
tests presented by Clarke (1995) suggest that the shear stiffness approaches zero at 
cavity strains near 1%, which may be an appropriate value for the failure strain, Ef. 
Some typical results from calculations using Equation 7.2 and Equation 7.4 are 
presented in Figure 7.31. The exponent 'p ' was chosen to equal 0.1. It can be seen 
that the tangential shear stiffness reduced rapidly as the normal stress increased. 
Pile test data can be compared with the change in normal stress curve presented in 
Figure 7.31 to obtain the cavity strain required to mobilize the stress change. The 
observed change in stress can then be divided by the computed change in cavity strain 
to obtain an 'average* constant normal stiffness. For example, normal stress changes 
recorded on the shaft of an axially loaded pile (Chow, 1996) have been fitted to 
Equation 7.4 in Tables 7.4 and 7.5. The diameter of the pile was 100mm. The small 
strain stiffness quoted in these tables was obtained from Chow (1996). Data from an 
analysis using p = 0.1 are presented in Table 7.4 and data from an analysis using 
p=0.5 are shown in Table 7.5. The parameter 'dU' describes the change in radius of 
the pile socket, which is calculated using Ec and the initial radius of the pile. The 
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parameters K and Ko represent 'average1 and small strain values of the constant 
normal stiffness. These parameters are equal to the change in normal stress divided 
by the change in radius of the pile's socket. 
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TTie normalization K/Ko suggests that, on average, a suitable normal stiffness for use 
in monotonia ring shear tests may be f&4he order of 25% to 40% of the small strain 
constant normal stiffness. This method could also be used to approximate an average 
normal stiffness for CNS tests using loose or crushable soils where contraction causes 
the normal stress to decrease during shearing. It is more difficult to compute a single 
normal stiffness to represent the normal'stress changes on a cyclically loaded pile 
shaft using this method. This is because the stifmess changes in an unload-reload 
loop have different characteristics to the stiffness changes during monotonic loading 
(e.g. Clarke, 1995). The simple equation proposed by Atkinson, on which the above 
analysis is based, does not consider the effects of cyclic loading. A simple approach 
to obtain parameters for use in cyclic ring shear tests would be to adopt a normal 
stress change after a set number of cycles and use the proposed analysis to obtain a 
representative normal stiffness over the 'design life' of the pile. Alternatively, the 
current method of analysis could be modified to vary the fitting power 'p ' with the 
number of cycles to obtain a varying normal stiffness. As a last resort, an equation 
describing the change in shear stifmess during an unload-reload loop could be used to 
base an analysis similar to that described here to model the effects of cyclic loading. 
The monotonic analysis, discussed above, was conducted using a set of parameters 
with narrow ranges and without attempting to correlate the theoretical stifmess 
variation with that observed during in-situ tests. Further analysis for a wider range of 
parameters, and in particular the pile diameter, would be required to gain confidence 
in the results. This would require more data from highly instrumented in-situ pile 
tests than are currently available. However, the proposed method allows a simple 
approximation of the complex variation of real pile boundary stresses and strains to be 
made. 
7.4.2 Deformations Within the Soil and the Sample 
Accurately modelling the radial deformations in the soil adjacent to a pile is crucial to 
the prediction of the radial stress change in CNS tests. Modelling the radial 
deformations in the soil is hampered by the lack of data in the literature regarding the 
size of the shear zone around a pile. Although shear bands having thicknesses up to 
10 limes the average particle diameter have been observed to form adjacent to an 
interface, mere does not seem to be any correlation in the literature between the pile 
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diameter, surface roughness, soil type and the shear band thickness. As a result it is 
very difficult to select a thickness that a sample should have in a CNS test to obtain 
comparable results to pile data. The thickness of a shear band in direct shear tests on 
granular material has been reported by Roscoe (1970), Stephens & Bridgwater (1978), 
Savage & Saved (1984) and Boulon & Foray (1986) to be about 10 times the average 
particle diameter, dso. A thickness of lOdso corresponds to a shear band of about 
2.5mm in Sydney sand and about 3.0mm in Barry's Beach sand. Currently it is not 
possible to conduct tests in the SU ring shear using a sample of this height, in part 
because the jack is at its lower limit for samples around 5mm, and also because the 
load cells embedded within the interface are unlikely to represent the average 
interface stresses well. The construction of a longer yoke connecting the jack to the 
loading ring and an increase in the area of the interface covered by the load cells 
would enable tests on appropriately sized samples to be conducted. 
A further complication may be that radial deformations occur horizontally in the field, 
but are modelled by vertical deformations in the ring shear. It is unclear whether the 
magnitude of the vertical volume changes in the ring shear would be different to the 
radial deformations adjacent to an m-situ pile. 
As was observed in the data from CNS ring shear tests presented in Section 7.3, it is 
possible for the normal stress to approach zero on the interface in CNS tests, 
depending on the value of the applied stiffness and the amount of sample contraction. 
This scenario does not appear to have been reported within the literature for small 
scale or field pile tests, but there is some evidence in the literature that a limiting 
normal stress exists in contracting soil. Terzhagi (1943) and Prater (1977), amongst 
others, have suggested that a limiting normal stress in the order of 0.1 times the initial 
normal stress can be mobilized near a small diameter hole. This value is less than 
what would be predicted assuming active failure had occurred adjacent to the pile and 
presumably is caused by arching effects related to the development of stresses in the 
tangential direction. In the limit, for an infinite diameter pile, the normal stress may 
be expected to equal the value associated with active failure of the soil. Conversely, a 
limit can be found to the stress increase on a pile shaft due to soil dilations using 
expanding cylinder theory. However, this limit will usually be greatly in excess of 
what might reasonably be mobilized on an in-situ pile. 
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7.5 On the Prediction of CNS Behaviour from CNL Tests 
As the conduct of CNS tests is complex, an attractive alternative approach would be 
to predict the effects of CNS boundary conditions from the results of CNL tests. 
Airey et al (1992) observed similar vertical displacement patterns in displacement-
controlled cyclic CNL and CNS tests. They suggested that it should be possible to 
predict the decrease in normal stress in a cyclic CNS test from the vertical 
displacements measured in similar CNL tests. Airey et al suggested that an allowance 
for the oedometric height change caused by the change in normal stress could be 
made. Using this method they were able to fit some observed cyclic stress and 
displacement data quite closely. 
Vertical displacement data from CNL tests shearing Barry's Beach sand against the 
rough interface are presented in Figure 7.29. Similar data from CNS tests are shown 
in Figure 7.30. The test parameters were presented in Tables 7.1 and 7.3. 
Figure 7.32 Vertical Displacements plotted against the Logarithm of Shear 
Displacement for CNL tests shearing Barry's Beach Sand Against the 
Rough Interface 
The vertical displacements have been plotted against the logarittsa of the shear 
displacement to magnify the initial contractions in the samples. The trends from the 
CNL and CNS tests were similar. An initial contraction was observed in the sample, 
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which was followed by a period of dilation and then further contractions due to 
particle crushing. 
Figure 7.33 Vertical Displacements from CNS Tests on Barry's Beach Sand 
Sheared Against the Rough Interface Plotted with the Logarithm of 
Shear Displacement 
Greater dilation and less contraction were observed in the CNS tests than in the CNL 
tests. This may have occurred because the CNS tests were conducted using a 10mm 
high sample whereas the CNL tests used 40mm high samples, but may also have been 
related to the level of the normal stress during shearing. 
Similar initial contractions occurred in all the CNL tests, irrespective of the magnitude 
of the normal stress. In contrast, the initial contraction during the CNS teste appeared 
to reduce as the normal stress reduced. While a component of the contraction may 
have been due to oedometric effects, it is possible that the applied shear strain also 
affected the sand deformations. 
The dilation appeared to follow the usual trends as the rate of dilation increased as the 
normal stress decreased. 
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Some factors affecting particle crushing will be discussed in the following section. 
A set of constitutive equations is required to predict CNS behaviour from CNL test 
results. However, a set of equations that accurately describes the full gamut of soil 
behaviour has yet to be found. Not only would such equations need to model 
contractions and dilations in the sand but they would also have to incorporate effects 
due to shear banding and particle crushing. Until an appropriate set of constitutive 
equations is found the effects that volume changes in the soil surrounding a pile have 
on the normal stress acting on the shaft-of a pile will have to be assessed using 
laboratory test approximations. 
7.6 Grain Crushing During Shearing 
One of the features of a ring shear device is that it can shear the sample to an 
unlimited displacement. This makes the ring shear particularly useful in the study of 
particle crushing near an interface. The ring shear has long been used in the field of 
chemical engineering to study the abrasion and crushing of particles (e.g. Neil & 
Bridgwater, 1994). In the field of soil mechanics crushing has most often been 
studied using triaxial apparatus (e.g. Coop 1999, Lade et al 1996, Lu 1988) although 
some studies have been conducted using the ring shear (Tika 1999) and simple shear 
apparatus (Uesugi & Kishida 1986a). These studies have been concerned with the 
mechanics of .grain crushing, and effects that the increasing proportion of fine-grained 
particles have on the friction angle and shear capacity of piles. 
Shear displacements applied by shear box and simple shear apparatus are generally 
limited to about 10mm. In contrast, the tests conducted using the ring shear were 
displaced at least 100mm and up to 3140mm. One of the effects observed in the 
vertical displacement data presented in the sections above for both CNL and CNS 
tests, was that contractions were observed in the sample once dilation (if any) had 
ceased. It was not clear whether these contractions were caused by consolidation or 
crushing because the vertical displacement was recorded at the top of the sample. It 
was considered that a combination of these effects was most likely. Sample 
contractions were observed in most of the tests. The contractions were greatest and 
were observed to occur soonest after dilation had ceased during tests on calcareous 
sand. Less contraction occurred in tests using silica sand and the contraction often 
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only began after a considerable shear displacement was applied to the sample, 
particularly when low levels of normal stress were applied. 
The rate of contraction was found to be roughly proportional to the work applied at 
the interface in all of the tests. As an example, vertical displacements from CNL tests 
shearing the calcareous sand against the rough interface are presented in Figure 7.34. 
Work (kN.mm) 
Figure 7.34 Vertical Displacement Plotted Against Work for CNL test shearing 
Barry's Beach sand against the Rough Interface 
This effect is shown more clearly in Figure 7.35, which plots the vertical displacement 
data from CNS tests shearing calcareous sand against the rough interface. These data 
were also plotted in Figure 7.24 against the shear displacement. A comparison of the 
two figures shows that the rate of contraction after dilation had ceased was more 
similar when it is plotted against the applied work. The rate of contraction in the 
sample after dilation had ceased in tests shearing silica sand against the rough 
interface also appeared to be approximately proportional to the applied work. The 
vertical displacements in the tests shearing silica sand against the rough interface are 
plotted against work in Figure 7.36. The rate of contraction was not as pronounced as 
in tests using calcareous sand. 
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Figure 7.36 Vertical Displacement vs Work for CNL Tests using Sydney Sand 
In order to correlate the observed contractions with grain crushing, a study was made 
regarding the change in fine-grained material with work applied. This was done by 
vacuuming the sample from the ring shear at the end of a test in layers approximately 
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10mm thick. The sand from each layer was then sieved. Fine grained material was 
taken to be that which passed through the 75 micron sieve. The change in fine 
grained material was computed as the increase in the percentage of fine grained 
material in the sample at the end of a test relative to the percentage of fine grained 
material at the start of the test. It was found that grain crushing was confined to the 
layer immediately adjacent to the interface. The fines content did not noticeably 
change within the layers away from the interface. The change of the fine-grained 
fraction of the sands adjacent to both interfaces with applied work is plotted in Figure 
7.37. 
-0.5 
Work (kiN.mm) 
Figure 7.37 Change in Fine Grained Fraction with Work 
In general, the increase in fines content was found to be roughly proportional to the 
work applied to the sample. Uesugi & Kishida (1986a), Lu (1988) and Lade et al 
(1996) have also observed a linear increase in fines content with work. There is a 
suggestion that the increase in fines content was not linear when Barry's Beach sand 
sheared against the rough interface. The fine-grained proportion increased linearly up 
to about 5000kN.mm work and then appeared to flatten off. This may be consistent 
with the hyperbolic relationship observed by Lade et al (1996) between the increase in 
fines content and the applied stress, once the applied work had passed a critical value. 
The increase in fines content was greater in tests using calcareous sand than in tests 
using silica sand. The fines content of the calcareous sand increased about 10 times 
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more than the silica sand when sheared against the rough interface and about 5 times 
more when sheared against the smooth interface. Lu (1988) has also reported that the 
change in fines content of calcareous sand was 5 to 10 times greater than silica sand 
for the same work input. 
There is some scatter in the data shown in Figure 7.37. This was due to the method of 
extracting the sample from the ring shear and the sieving process. The vacuum 
cleaner had a cloth filter bag surrounding the motor to prevent fine-grained material 
wearing its moving parts. A large amount of fine-grained material, particularly 
calcareous sand, attached itself to the filter bag during the vacuuming process. As 
many of the fine particles as possible were brushed from the bag into the container, 
but this method was unable to transfer all of the fines from a test into the container. 
The filter bag was shaken after each vacuuming run to remove any embedded fines. 
Some errors may have occurred in the sieving process as the mass of an entire layer 
(typically about 2kg) was sieved. The fine-grained material may have moved through 
the sieves at varying rates inducing some scatter in the data. Further losses may have 
occurred due to a small percentage of the material extruding between the shearing 
interface and the confining walls. In contrast, an increase in fine particles adjacent to 
the interface may have occurred due to diffusion of the fines towards the interface 
through the height of the sample. However, it was considered that the summation of 
these effects would lead to an under-prediction of the increase in fine-grained 
material. 
As the increase in fines content was linearly related to work, it could be concluded 
that the majority of the contractions observed once dilation had ceased was due to 
grain crushing of the sand against the interface. This may have implications for the 
prediction of stress reductions due to grain crushing during pile driving. It appears 
that the vertical displacement was a function of the work applied to the sand and the 
crushing potential of the sand itself. If a relationship between these parameters could 
be established then stress changes on the pile wall could be predicted from analyses 
using some variety of soil stiffness. This sort of analysis would be most applicable to 
very long piles where grain crushing due to the relative motion of the wall past the 
soil may be separated from grain crushing caused by the penetration of the pile tip. 
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7.7 Summary 
Some results from tests shearing Sydney silica and Barry's Beach calcareous sands 
against rough and smooth steel interfaces were presented in this Chapter. Data front 
monotonic and cyclic CNL ring shear tests were presented as were data from 
monotonic CNS ring shear tests. Some cyclic CNL data and monotonic CNS data 
from tests using the modified shear box apparatus were presented for comparison with 
the ring shear data. 
The shear capacity of sand shearing against an interface can be measured by the ratio 
of the shear to normal stresses that occur. It was found that the peak and residual 
stress ratio increased with increasing density and normal stress in all of the ring shear 
tests. This was caused by the sand particles adjacent to the interface crushing during 
shearing, which increased the relative roughness of the interface to the average 
particle diameter and also increased the angularity of the particles. In contrast, the 
residual stress ratio in tests using the modified shear box was observed to increase as 
the density decreased and normal stress increased. These trends are consistent with 
the effects of the 'sliding' and 'turbulent* modes of shearing proposed by Lupini et al 
(1981). It was suggested that a dense sand sample subject to a high normal stress is 
more likely to slide over the interface in the shear box and have a lower stress ratio 
than when a loose sample is subject to a small normal stress. 
Normal stress and density were not found to affect the displacement to the peak stress 
ratio, which suggests that shearing may have occurred within bands of similar 
thickness in these tests. 
Vertical displacement data from CNL tests subject to varying levels of normal stress 
were presented for Sydney and Barry's Beach sands sheared against both interfaces. 
All of the samples were observed to initially contract and continued to contract during 
shearing in the tests using the smooth interface. Dilations were observed alter the 
initial contraction in tests using the rough interface. Further contractions of the 
samples were then observed once dilation had ceased. These contractions were 
attributed to grain crushing adjacent to the interface. 
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Data from displacement-controlled cyclic tests were presented and showed that 
overall contraction of the sample occurred during cycling. This resultant densification 
of the sample in tests subject to displacement amplitudes of ±1.1 lmm allowed a peak 
shear stress to occur during post-cyclic mqnotonic shearing. The magnitude of the 
peak shear stress was proportional to the densification of the sample. Although 
overall densification of the sample subjected to a cyclic displacement amplitude of 
±2.78mm was observed, a post cyclic pealc shear stress was not mobilized. It is 
believed that a shear band was able to form within a shear displacement of 2.78mm in 
which the density of the sand was insufficient to mobilise a peak shear stress. 
Vertical displacement data from one way displacement-controlled tests were plotted 
against the cumulative shear displacement and compared with two way cyclic data 
sheared to the same cumulative shear displacement. The rate of contraction was 
found to be similar for all the tests other than the test using the ±2.78mm cyclic 
displacement amplitude. Dilations were observed to occur during post cyclic 
monotonic shearing in all of the tests. Surprisingly the overall post cyclic vertical 
displacements in the +1.11 to Omm and the ±0.56mm were essentially equal as were 
the overall post cyclic vertical displacements in the +2.78 to Omm and ±2.78mm tests. 
It was not clear whether this was coincidental or was a function of the behaviour of 
sand during shearing. Some stress-controlled cyclic tests were presented for 
comparison. Data from displacement-controlled cyclic tests conducted using the 
modified shear box were presented for comparison with the ring shear data. Although 
the modifications to the shear box were designed to facilitate cyclic testing by 
minimizing extrusion of the sample from the shear box, the modifications were found 
Ift'Mflfect the magnitude and shape of the cyclic shear stress data. Thus the ring shear 
was considered to be a more suitable device for the application of cyclic shearing to a 
sample than the shear box. 
Some data from CNS ring shear tests were presented and showed that the shear and 
normal stresses increased when dilations occurred in the sample adjacent to the rough 
interface. The shear and normal stresses decreased when the smooth interface was 
used due to densification of the sample. Grain crushing against both interfaces caused 
the sample to contract and the stresses to decrease. In tests using the smooth interface 
and a thick sample, in conjunction with a large normal stiffness applied to the sample, 
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the shear and normal stresses were observed to rapidly reduce towards zero down the 
residual state line. This was caused by the magnitude of the initial contraction that 
occurs during the first 2-3mm of shear displacement. Data from CNS tests conducted 
using the modified shear box apparatus were presented for comparison. It was found 
that sensible interpretations of the data recorded externally to the shear box could not 
be made. Data recorded by the interface load cell appeared to follow similar trends to 
the ring shear data but were affected by stress concentrations within the apparatus. 
Again, the modifications to the shear box designed to facilitate CNS testing actually 
precluded its use. The ring shear was considered a more appropriate device for the 
conduct of CNS tests. 
Some consideration was given to the ability of CNS ring shear tests to predict the 
shear capacity of an in-situ pile. It was found that using the small strain shear 
stiffness, Go, resulted in over-predictions of stress increases due to dilation and stress 
decreases due to contraction. The conceptual framework of a method to predict a 
suitable value of the shear stiffness was outlined. The choice of an appropriate 
sample thickness was also found to be crucial. The thickness of the sample had to 
allow similar deformations as would occur adjacent to the shaft of a pile. 
A brief discussion was presented regarding the prediction of CNS interface behaviour 
from the results of CNL tests. While this was considered conceptually possible, it 
would require a set of constitutive equations capable of describing the full gamut of 
soil behaviour. Such equations are not currently available. 
As ring shear devices are able to shear the sample to an infinite displacement they are 
particularly suited to the study of grain crushing. Vertical contractions of the sample 
once dilation had ceased were attributed to grain crushing. These contractions were 
found to be approximately proportional to the work applied to the interface. Grain 
crushing was measured as the increase in the proportion of the sample passing through 
the 75 micron sieve at the end of a test relative to the beginning of the test. It was 
found that the increase in fine grained material was, in general, linearly related to the 
work input. 
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CHAPTER 8 
SUMMARY, CONCLUSIONS & 
RECOMMENDATIONS FOR FURTHER 
RESEARCH 
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8.1 Summary & Conclusions 
This thesis describes the development and performance of a large ring shear apparatus 
and its use for shearing sand against steel interfaces. Conventional shear box, simple 
shear and ring shear apparatus are generally modified to conduct direct shear interface 
tests, however the interpretation of the data is complicated by non-uniform stresses 
that occur in these devices. In principle, the stresses within a large diameter ring 
shear should be more uniform than in the other equipment. In addition, the 
construction of some of the conventional equipment can impede the conduct of CNS 
tests, which are sensitive to vertical displacements in the sample, because soil can 
extrude from the apparatus. 
Data from a shear box modified to permit CNS testing of soils while limiting the 
sample extrusion were presented in Chapter 4. Roller bearings were provided to 
restrain the top half of the shear box from lifting vertically off the base half while 
permitting translation in the horizontal direction. As an example of the limitations of 
modified shear box apparatus, it was shown that shear stresses recorded externally to 
the shear box in tests conducted by Al-Douri (1992) and Tabucanon (1997) were 
greater than experienced in tests using standard equipment. Causes of the stress 
increase were investigated. While the evidence was not conclusive, it was considered 
that shear stresses mobilized on the walls of the shear box forced the normal stress on 
the interface to increase in order to maintain equilibrium of the vertical forces. The 
unknown increase in the total interface normal force was reflected in the larger than 
expected shear stresses measured externally to the shear box. Friction between the 
roller bearings and the top half of the shear box and friction between the two halves of 
the shear box were considered to provide a minor contribution to the elevated external 
shear stresses recorded. Tests were then conducted with lubricated walls and fixed or 
pinned load platens in an attempt to minimize the wall friction, and hence, the stress 
increase on the interface. All of these attempts were unsuccessful. Some CNS and 
cyclic tests were attempted using the modified shear box to assess how it performed 
under the conditions for which it was designed. While the data followed the expected 
trends in the CNS tests, the target stiffness was not applied to the sample due to the 
loading system not being stiff enough. The actual stiffness applied to the sample was 
less than the target stiffness and provided only a reasonably linear correlation between 
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the normal stress and the vertical displacement increment Displacement controlled 
cyclic tests were conducted using four of the various shear box arrangements. Data 
from these tests were found to be sensitive to the arrangement of the shear box 
creating uncertainty regarding the r eMBty of the results. It was concluded that 
these modifications to the standard shear box were not justified because they caused 
the data to vary considerably from those commonly reported. The shear box was not 
considered an appropriate apparatus to conduct CNS tests on sand-steel interfaces, 
however it was considered useful for obtaining peak and residual strength parameters 
from traditional CNL tests. 
Modifications to the prototype ring shear were conducted to improve on aspects of its 
performance. The extrusion seals were improved to rrunimize the sample escaping 
from its container. While this was successfully achieved, large shear forces were 
induced between the extrusion seal and the confining rings. This force was 
transferred to the gearbox and failed its supports. A consulting mechanical engineer 
was commissioned to design the reaction frame that now resists these applied loads. 
At the same time, the consulting engineer was asked to design the loading ring 
structure and its guides to allow the surface of the loading ring to match the surface of 
the sample. Prior to this, the loading ring legs were sticking in their guides, which 
caused the ring to be lowered at an angle and not contact the sample surface at all 
points around the annulus. Modifications were also made to the existing 
instrumentation and additional load cells were embedded into the loading ring. 
Improvements were also made to the control system. Several series of tests were then 
conducted to assess the performance of the modified ring shear. Although some drift 
was observed over time in the output from the instrumentation it was not considered 
significant. The drift was not expected to affect the peak shear data as this stage is 
reached rapidly after shearing commenced. Drifts may have affected the residual 
stress data but the data could be corrected by comparing load zeros taken at the start 
and end of a test. The majority of the drift was considered to be due to imperfectly 
soldered joints at the various connections in the cables linking the load cells with the 
data acquisition unit Hie stress distribution around the annular sample was found to 
vary, most likely as a result of variations in the sample height caused by the geometry 
of the sample container and loading ring. The stress distribution was found to vary 
most when thin samples were utilised. As a result, the load cells embedded within the 
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interface and the loading ring had difficulty representing the average stresses as they 
only occupied 2.6% and 0.5% of the respective surfaces. This in turn was found to 
affect the interpretation of the peak stress data. The peak stress ratio calculated from 
the average shear and normal stresses often differed from the peak stress ratio 
calculated from the average of the stress ratios recorded by each load cell. The stress 
ratios were observed to differ when the load cells recorded a wide stress variation. 
The residual stress ratios were not affected. Despite the stress variation around the 
annulus, the stresses were inferred to be relatively uniform along and across each load 
cell from the load eccentricity data. This inference was reinforced by the results of 
the numerical analysis presented in Chapter 6. Radial shear stresses and strains were 
observed to occur across the sample width during shearing due to the axi-symmetric 
shape of the sample. It was found that the magnitude of the radial shear stress did not 
significantly affect the resultant shear stress and that the shear stress measured in the 
direction of shearing was a good approximation to the resultant shear stress. 
However, data from the numerical analyses of lm and 0.2m diameter ring shear 
devices, as well as data published in the literature suggest that the radial stresses may 
have a greater effect in smaller diameter ring shear devices. Due to the uncertainty 
regarding the average interface stresses it was considered that controlling the normal 
stress at the top of the sample using data from the 140kN load cell might be more 
appropriate. It was found that controlling the stress applied by the loading ring to the 
sample caused the stresses on the interface to increase to maintain equilibrium with 
shear stresses on the walls. The shear stresses on the walls were caused by dilations at 
the interface forcing the sample upwards during shearing. The interface stresses were 
found to increase significantly even when the sample height was small. Thus, 
controlling the stresses at the interface was considered to be a more appropriate 
method. This method of stress control was able to accurately apply CNL or CNS 
boundary conditions to the sample. The rate of shearing was not found to affect die 
data. Although there was some scatter, the general trend of the data from ring shear 
tests was fitted well by plane strain interpretations. The scatter was due to variations 
in the peak stress ratio as discussed above. Similar data from tests conducted using 
the modified shear box were not fitted well by plane strain interpretations. The 
average shear stress mobilized on the interface in ring shear tests correlated well with 
data from similar tests using standard and large shear box apparatus as well as a 
circular simple shear. The data from the shear box tests were stiffer during pre-peak 
~ Z i 
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shearing, and slightly greater peak shear stresses were observed than W h e other tests. 
The simple shear and ring shear data were almost identical up to the peak shear stress, 
after which the sample in the simple shear collapsed affecting the vertical 
displacement data. The residual shear stresses were similar in all of the tests. It was 
concluded from consideration of the plane strain interpretation of the data and 
comparison with the data from the other apparatus that the MKII SU ring shear 
performed well. Because the average stress ratio and rate of dilation of the loading 
ring data was fitted by the plane strain interpretations, it was inferred that the sample 
was subjected to approximately plane strain conditions and the stresses appeared to be 
reasonably uniform over elements of the-shearing interface. Thus, data from ring 
shear tests are easier to interpret than those from simple shear devices, which require 
detailed stress and strain data from the central third of the sample. The ring shear was 
also considered to perform better than shear box apparatus. Problems with the 
modified shear box were discussed above. However, the well known stress non-
uniformity that occurs within the standard shear box is likely to affect the data and 
was considered to have been the cause of the lack of fit with the plane strain 
interpretations. Some doubt was also cast on the ability of small diameter ring shear 
apparatus to accurately record the resultant shear stress on an interface due to the 
presence of a component of shear stress in the radial direction of unknown magnitude. 
In contrast, the resultant shear stress was approximated well by the tangential 
component recorded by the load cells within the interface in the large diameter MKII 
ring shear. 
Data from monotonia and cyclic CNL teste and from monotonic CNS tests were 
presented in Chapter 7. Peak and residual stress ratio data were presented from tests 
shearing silica and calcareous sands against rough and smooth interfaces. As 
commonly experienced, the stress ratios increased as the interface roughness 
increased. However, in contrast to data published in the literature, the residual stress 
ratios (and the peak stress ratios to some extent) were also observed to increase as the 
normal stress and the density of the sample increased. These effects were attributed to 
the increasing normalized roughness at the interface as well as increasing particle 
angularity, both caused by grain crushing. Data from the displacement and stress 
controlled cyclic tests were presented to show the ring shear was capable of 
perforating these tests. The data from cyclic ring shear tests appeared to be more 
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consistent than those obtained from cyclic tests using the modified shear box. A 
limited number of monotonic CNS tests were conducted to view the stress response as 
silica and calcareous sands were sheared against the rough and smooth interfaces. As 
has been reported in the literature, in these tests dilation was observed to cause the 
stresses to increase when sand is sheared against a rough interface. In contrast, when 
sand was sheared against the smooth interface compressions were observed to occur 
in the sample, which caused the stresses to reduce. If there were sufficient 
compression in the sample, in relation to the applied stiffness, the normal stress on the 
interface could entirely disappear. 
A discussion was presented in Chapter 7 regarding the difficulty of using CNS ring 
shear tests to model stress changes on the shafts of in-situ piles. One problem is that 
the basic assumptions of CNS behaviour are not applicable to sand. To comply with 
the assumptions underpinning CNS theory, the value of the constant stiffness should, 
strictly speaking, be computed using the small strain shear stiffness of the sand. 
However, virtually any radial deformation of the sand adjacent to a pile will reduce 
the shear stiffness of the sand. Thus, CNS testing based on the small strain shear 
stiffness will over-predict the stress changes that occur on an interface as the sand 
deforms. A more appropriate approach would be to apply a varying normal stiffness 
to the sample. This is not a simple task and would require a control system like that 
used in the MKII ring shear. An alternative approach may be to conduct an analysis 
to approximate a constant shear stiffness that represents the stress changes over the 
range of interest. A skeleton of such an analysis was proposed in Chapter 7 and it was 
concluded that an appropriate shear stiffness for use in monotonic CNS tests on silica 
sand may be in the order of 0.25 to 0.4 times the small strain shear stiffness. The 
selection of an appropriate stiffness for cyclic testing was considered to be a more 
complex task. A second problem is to prepare a sample that represents the volume of 
deforming sand adjacent to a pile. It was shown in Chapter 7 that the magnitude of 
the initial contractions in a 40mm thick sample caused the normal stress on the 
interface to become zero, whereas this did not occur during a similar test using a 
10mm thick sample. Similarly, it was shown in CNL tests that greater dilation was 
recorded when a 10mm thick sample was sheared against the rough interface than an 
equivalent test using a 40mm thick sample. Clearly, the deformations in the soil are 
sensitive to the sample height, which will have an impact on the shearing behaviour of 
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sand under CNS conditions. It was suggested that the sample height should equal the 
thickness of the shear band that might form adjacent to a pile. However, there is some 
debate in the literature regarding what the thickness of such a shear band should be. 
A farther issue for consideration is that normal stresses on piles in contracting sands 
do not appear to approach zero, as the results of CNS tests would suggest. Some 
evidence is presented from the literature suggesting that the lower limit might be 
around a tenth of the initial normal stress on the wall of a small diameter pile and 
could increase to the Rankine active pressure co-efficient on the wall of an infinitely 
large pile. Some consideration was given in Chapter 7 to the prediction of CNS 
behaviour from the results of CNL tests". While it is an attractive concept, this 
approach is unlikely to be successful until a set of constitutive equations is developed 
that accurately describes general soil deformations under all boundary conditions. 
Until that time, predictions of stress changes on the shaft of an axially loaded pile will 
either be empirical or estimated from the results of laboratory tests. More research is 
required to create an appropriate method for the conduct of CNS tests. 
The ability of the ring shear apparatus to shear the sample to large displacements was 
used to briefly assess effects associated with grain crushing. It was found that the 
increase w fines content adjacent to the interface was, in general, linearly correlated 
with the work input during shearing. In addition, the contraction of the sample once 
dilation had ceased was also found to correlate with the work input. 
Although the ring shear was considered to have performed well some improvements 
could be made. Primarily the area of the interface and surface of the loading ring 
covered by the load cells could be increased in order to gain a better representation of 
the average stresses. This would also increase the accuracy of the control and would 
improve the quality of the data. For example, less scatter would be expected in the 
data presented for plane strain interpretation. A better representation of the average 
normal stresses would also allow thinner samples to be used for testing. Testing thin 
samples minimizes any effects of wall friction and may be more appropriate in CNS 
teste than thicker samples. An increase in the area covered would also reduce the 
apparent drift. Removing the cables connecting the load cells to the data acquisition 
unit could further reduce the drift. The cables were also a weakness in the system 
from the point of view that the wires and connectors would regularly break. Not only 
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does this affect the data, but also it is time consuming to fix. The use of some variety 
of radio transmission between the load cells and the data acquisition system may be 
more appropriate. 
8.2 Recommendations for Further Development 
Some further development of the ring shear could be made to increase the range of 
tests and increase the data obtained from a test. Currently the ring shear is only 
capable of testing dry samples. It is desirable to waterproof the sample container and 
provide mechanisms to pressurise the sample and facilitate drainage. This would 
allow drained and undrairied tests to be performed. One major hurdle to overcome is 
that many of the components of the sample assembly are constructed from mild steel, 
which will rust if wet. These components would have to be replaced by materials that 
will not corrode. The scope of the instrumentation could be extended. Load cells 
could be embedded within the confining rings to record shear and normal stresses 
generated on the sample sides. This would provide more information regarding the 
effects of wall friction on the data. In addition, these load cells would provide data 
regarding stress changes in other planes than that being sheared and might help shed 
some light on the mechanisms of soil-structure interaction. The interaction between a 
structure and sand was inferred in Chapter 7 to depend on how the particles moved 
adjacent to the interface. It would be instructive to place a window within the outer 
confining ring to observed sand particle movements. An endoscope having 
appropriate magnification could be placed within the confining ring to monitor the 
particle movements. To achieve success several issues would have to be resolved. 
The view window would be constructed from a scratch proof material but would be 
machined with a curvature to match the confining ring. Careful analysis would be 
required to remove the effects of the curvature and parallax to obtain the actual 
particle movements against the surface of the window. In addition, if the 
displacement of the particles into the sample is to be measured, some consideration 
would have to be given to effects associated with focus and field depth. 
8.3 Recommendation for Further Research 
A number of observations were made during this thesis that may warrant further 
research. Firstly, in the absence of an analytical method to rationally predict stress 
changes of the shaft of an axially loaded pile, one method to obtain such predictions is 
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the use of laboratory CNS tests. However, to the author's knowledge, there are no 
data correlating CNS direct shear tests on sand-structure interfaces with the results of 
in-*itu pile tests. This is largely due to the paucity of data from highly instrumented 
in-situ pile tests, but there is also the issue of selecting appropriate parameters for the 
laboratory tests. It is suggested that a program of highly instrumented pile tests be 
conducted in controlled surroundings in conjunction with a program of CNS tests to 
develop appropriate methods to facilitate the prediction of stress changes on a pile 
shaft in the laboratory. Because the stresses in particular, and the strains to a lesser 
extent, in the ring shear are more uniform than in the other direct shear devices it is 
suggested that it is of more use to develop constitutive equations for sand shearing 
against an interface. In particular, a study of the particle deformations may lead to the 
construction of a general flow rule covering the initial contraction, dilation and 
crushing phases observed during testing. A study of the formation of shear bands and 
their thickness would also be very useful. One intriguing result found during this 
thesis was the almost identical post-cyclic dilation response observed in tests cycled 
using similar methods to the same cumulative displacement (see Figure 7.16). As the 
number of tests conducted was limited these results may be entirely co-incidental. 
However, it would be of interest to conduct a more detailed investigation to 
investigate whether this is real soil behaviour. Such an investigation may also shed 
light on how soil deforms adjacent to an interface. Lastly, it was inferred from the 
results of the numerical analysis and those published in the literature that data from 
small diameter ring shear tests may under-predict the resultant shear stress acting on 
the shear plane. This was in part due to the assumption that the stresses were uniform 
on the interface, and more significantly because a radial shear stress component of 
unknown magnitude will form across the sample. To resolve this issue, it is suggested 
that appropriately instrumented interface tests be conducted using a Bishop type of 
ring shear to assess the magnitude of the radial shear stress component. 
It would also be of some interest to further modify the CNS shear box so the load cell 
records stresses over the entire area of the shearing interface. Results from tests 
conducted using this arrangement would be able to confirm the hypotheses made in 
Chapter 4 regarding why externally measured data presented by Al-Douri (1992) and 
Tabucanon (1997) were greater than experienced in tests using the standard 
arrangement of the shear box. 
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In conclusion, the SU prototype ring shear was developed further during this work 
and has been shown to perform satisfactorily. Further modifications could be made to 
the apparatus to improve the quality of the data. It is suggested that the large diameter 
ring shear has a wide range of applications from the prediction of the capacity of in-
situ axially loaded piles to the investigation of fundamental stress-strain behaviour 
involved in soil-structure interaction. 
T 
Development of a Large Diameter Ring Shear Apparatus and its Use for Interface Testing -*£-
Bibliography 
237 
BIBLIOGRAPHY 
Aircy, D. W., Al-Douri, R. H., and Poulos, H. G. (1992). "Estimation of Pile Friction Degradation from 
Shearbox Jests:' ASTM Geotechnical Testing Journal, 15(4), 388-392. 
Al-Douri, R. H. (1992). "Behaviour of Single Piles and Pile Groups in Calcareous Sediments," PhD, 
University of Sydney. 
Angemeer, J., Carlson, E., and Klick, J. H. (1973) "Techniques and Results of Offshore Pile Load 
Testing in Calcareous Soils." 5th Offshore Technology Conference, Houston. Texas, 677-692. 
Arthur, J. R. F., Dunstan, T., Al-Ani Q.A.J.L., and Assadi, A. (1977). "Plastic Deformation and Failure 
in Granular Media." Geotechnique, 27,53-74. 
Assadi, A. (1975). "Rupture Layers in Granular Materials " PhD, University of London. 
Atkinson, J. H. (2000). "Non-Linear Soil Stiffness In Routine Design." Geotechnique, 50(5), 487-508. 
Balaam, N. P. (1978). "Load-Settlement Behaviour of Granular Piles," PhD, University of Sydney. 
Bellotti, R., Ghionna, V., Jamiolkowski, M., Robertson, P. K., and Peterson, R. W. (1989). 
"Interpretation of Moduli from Self-Boring Pressuremeter Tests in Sand." Geotechnique, 39(2), 269-
292. 
Bishop, A. W., Green, G. E., Garga, V. K., Andresen, A., and Brown, J. D. (1971). "A New Ring Shear 
Apparatus and its Application to the Measurement of Residual Strength." Geotechnique, 21 (4), 273-
328. 
Boulon, M., and Foray, P. (1986) "Physical and Numerical Simulation of Lateral Shaft Friction along 
Offshore Piles in Sand." Proc. 3rd International Conference on Behaviour of Offshore Structures, 305-
314. 
Bransby. (1973). "Cambridge Contact Stress Transducers." CUED/C-SOILS/LN2, Univerisity of 
Cambridge, Cambridge. 
Bromhead, E. N. (1979). "A Simple Ring Shear Apparatus." Ground Engineering, 12,40,42,44. 
Development of a Large Diameter Ring Shear Apparatus and its Use for Interface Testing 
Bibliography 238 
Brummund, W. F., and Leonards, G. A. (1973). "Experimental Study of Static and Dynamic Friction 
Between Sand and Typical Construction Materials." ASTM Journal of Testing and Evaluation, 1, 162-
165. 
Budhu, M. (1983). "Nonuniformities Imposed by Simple Shear Apparatus." Canadian Geotechnical 
Journal, 20,125-137. 
Carter, J. P., and Balaam, N. P. (1990). "AFENA." , University of Sydney. 
Chow, F. C. (1996). "Investigations into the Behaviour of Displacement Piles for Offshore 
Foundations,", University of London, London. 
Clarke, B. G. (1995). Pressuremeters in Geotechnical Design, Chapman and Hall, Glasgow. 
Coop, M. R. (1999) "The Influence of Particle Breakage and State on the Behaviour of Sands." 
Workshop on Crushable Soils, UBE Japan. 
Datta, M., Gulhati, S. K., and Rao, G. V. (1979) "Crushing of Calcareous Sands During Shear." 11th 
Offshore Technology Conference, Houston, Texas, 1459-1467. 
Davis, E. H. (1968). "Theories of Plasticity and the Failure of Soil Masses." Soil Mechanics: 
Selected Topics, I. K. Lee, ed., 341-380. 
de Gennaro, V., and Lerat, P. (1999) "Soil-Structure Interface Behaviour Under Cyclic Loading." 
Prefailure Deformation Characteristics of Geomateriah, 183-189. 
Desai, C. S., Drumm, E. C , and Zaman, M. M. (1985). "Cyclic testing and modelling of interfaces." 
ASCE Journal of Geotechnical Engineering, 111(6), 793-815. 
Dover, A. R., Bamford, S. R., and Suarez, L. F. (1986) "Rod Shear Interface Friction Tests in Sands, 
Silts and Clays." Proc. 3rd International Conference on Behaviour of Offshore Stntctures, 305-314. 
Dugdale, D.S. and Ruiz, C. (1971), "Elasticity for Engineers", McGraw-Hill, Great Britain 
Dyer, M. R. (1985). "Observation of the Stress Distribution in Crushed Glass with Applications to Soil 
Reinforcement," PhD, University of Oxford. 
Evgin, E., and Fakharian, K. (1996). "Effect of Stress Paths on the Behaviour of Sand-Steel Interfaces." 
Canadian Geotechnical Journal, 33, 853-865. 
Development of a Large Diameter Ring Shear Apparatus and its Use/or Interface Testing 
Bibliography 239 
Fakharian, K., and Evgin, E. (1996). "An Automated Apparatus for Three Dimensional Monotonia and 
Cyclic TcstinBonnterfkce&rASTMGeotechnical Testing Jowval, 19(1), 22-31. 
Fukuoka, H. (1991). "Variation of the Friction Angle of Granular Materials in the High Speed High 
Stress Ring Shear Apparatus." Bulletin of the Disaster Prevention Research Institute, 41(4), 243-279. 
Hull T. S. (1987). "The Behaviour of Laterally Loaded Piles," PhD, University of Sydney. 
Hull, T. S., Poulos, H. G.. and Alehossein, H. (1988) "The Static Behaviour of Various Calcareous 
Sediments." Engineering for Calcareous Sediments, 87-96. 
Hungr, O., and Morgenstem, N. R. (1984). "High Velocity Ring Shear Tests on Sand." Geotechnique, 
34,415-421. 
Jardine, R. J. (1996) "Axial Capacity of Offshore Piles Driven in Dense Sand." 28th Offshore 
Technology Conference, Houston Texas, 161-167. 
Jewell, R. A. (1989). "Direct Shear Tests Sand." Geotechnique, 39(2), 309-322. 
Jewell, R. A., and Wroth, C. P. (1987). "Direct Shear Tests on Reinforced Sand." Geotechnique, 37(1), 
53-68. 
JewelL R. J., and Randolph, M. F. (1988) "Cyclic Rod Shear Tests in Calcareous Sediments." 
Engineering for Calcareous Sediments. 
Johnston, I. W„ Lam, T. S. K., and Williams, A. F. (1987). "Constant Normal Stiffness Direct Shear 
Testing for Socketed Pile Design in Weak Rock." Geotechnique, 37(1), 83-89. 
Kelleher, P. J. (1996). "Expanding Piles in Calcareous Sediments," PhD, University of Sydney. 
King, R., and Lodge, M. (1988) "North West Shelf Development - The Foundation Engineering 
Challenge." Engineering for Calcareous Sediments, 333-342. 
Kjellman, W. (1951). "Testing the Shear Strength of Clay in Sweden." Geotechnique, 1,225-232. 
Kulhawy, F. H., and Peterson, M. S. (1979) "Behaviour of Sand-Concrete interfaces." 6th Pan-
American Conference on Soil Mechanics, 225-236. 
La Gatta, D. P. (1970). "Residual Strength of Clays and Clay-Shales by Rotation Shear Tests." 86, 
Harvard. 
Development of a Large Diameter Ring Shear Apparatus and its Use for Interface Testing 
Bibliography 240 
Lade, P. V., Jessberger, H. L., Makowski, E., and Jordan, P. "Modelling of Deep Shafts in Centrifuge 
Tests." (1981) 10th International Conference on Soil Mechanics and Foundation Engineering, 
Stockholm, 683-692. 
Lade, P. V., Yamamuro, J. A., and Bopp, P. A. (1996). "Significance of Particle Crushing in Granular 
Materials." ASCE Journal of Geotechnical Engineering, 122(4), 309-316. 
Lai, J. Y. K. (1989). "Stability and Deformation Analysis of Caisson and Block Foundations," PhD, 
University of Sydney. 
Lehane, B. M., Jardine, R. J., Bond, A. J., and Frank, R. (1993). "Mechanisms of Shaft Friction in Sand 
from Instrumented Pile Tests." ASCE Journal of Geotechnical Engineering, 119(1), 19-35. 
Lu, B. T. D. (1988) "Effects of Grain Crushing on Axial Behaviour of Driven Piles in Calcareous 
Sand" Engineering for Calcareous Sediments, 231-238. 
Lupini, J. F., Skinner, A. E., and Vaughan, P. R. (1981). "The Drained Residual Strength of Cohesive 
Soils." Geotechnique, 31(2), 181-213. 
Nauroy, J. F., Brucy, F., and Le Tirant, P. (1988) "Skin friction of piles in calcareous sands." 
Engineering for Calcareous Sediments, 239-244. 
Neil, A. U., and Bridgwater, J. (1994). "Attrition of Particulate Solids Under Shear." Powder 
Technology, 80,207-219. 
Noorany, I. (1985) "Side Friction of Piles in Calcareous Sands." 11th International Conference of Soil 
Mechanics and Foundation Engineering, San Francisco, 1611-1614. 
Ooi, L. H. (1989). "The Interface Behaviour of Socketed Piles," PhD, University of Sydney. 
Palmeira, E. M. (1987). "The Study of Soil-Reinforcement Interaction by means of Large Scale 
Laboratory Tests," PhD, University of Oxford 
Palmeira, E. M., and Milligan, G. W. E. (1989) "Scale Effects in Direct Shear Tests on Sand." 12th 
International Conference of Soil Mechanics and Foundation Engineering, Rio de Janeiro, 739-742. 
Porovic, E., and Jardine, R.J. (1994) "Some Observations on the Static and Dynamic Shear Stifmess of 
Ham River Sand." Pre-fallure Deformation ofGeomaterials, 25-30. 
Development of a Large Diameter Ring Shear Apparatus and its Use for Interface Testing 
Bibliography 241 
Pons, D. M., Dounias, G. T., and Vaughan, P. R. (1987). "Finite Element Analysis of the Direct Shear 
Box Test." Geotechnique, 37(1), 11-23. , .• 
Potyondy, J. G. (1961). "Skin Friction Between Various Soils and Construction Materials." 
Geotechnlque, 11(4), 339-353. 
Poulos, H. G., and Lee, C Y. (1988) "Model Testson Grouted Piles in Calcareous Sediment." 
Engineering for Calcareous Sediments, 255-260. 
Prater, E. G. (1977). "An Examination of Some Theories of Earth Pressures on Shaft Linings." 
Canadian Geotechnlcal Journal, 14,91-106. 
Puecb, A., Foray, P., Boulon, M., and Desrues, J.(1979) "An Effective Stress Model to Predict 
Capacity of Tension Piles." 7th European Conference on Soil Mechanics and Foundation Engineering, 
Brighton, 227-232. 
Roscoe, K, H. (1953)"An Apparatus for the Application of Simple Shear to Soil Samples." 3rd 
International Conference on Soil Mechanics and Foundation Engineering, Zurich, 186-191. 
Roscoe, K. H. (1970). "The Influence of Strains in Soil Mechanics." Geotechnlque, 20(2), 129-170. 
Rowe, P. W. (1962). "The Stress-Dilatancy Relation for Static Equilibrium of an Assembly of Particles 
in Contact." Proceedings of the Royal Society, 269,500-527. 
Rowe, P. W. (1969). "The Relation Between the Shear Strength of Sands in Triaxial Compression, 
Plane Strain and Direct Shear." Geotechnique, 19(1), 75-86. 
Rowe, R. K., Booker, J. R., and Balaam, N. P. (1978). "Application of the Initial Stress Method to Soil-
Structure Interaction." International Journal for Numerical Methods in Engineering, 12,873-880. 
Saada, A. S., and Townshend, F. C. (1971) "State of the Art: Laboratory Strength Testing of Soils." 
ASTMSTP 740, 7-71. 
Savage, S. B.. and Sayed, M. (1984). "Stresses Developed by Dry Cohesionless Granular Materials 
Sheared in an Annular Shear OMT Journal of Fluid Mechanics, 142,391 -430. 
Shibuya, S., Mitachi, T., and Tamate, S. (1997). "Interpretation of direct shear box testing of sands as 
quasi-simple shear." Geotechnique, 47(4), 769-790. 
Development of a Large Diameter Ring Shear Apparatus anil Us Use for Interface Testing - 5 ^ 
Bibliography 242 
Stephens, D. J., and Bridgwater, J. (1978). "The Mixing and Segregation of Cohesionless Particulate 
Materials: Part 1 Failure Zone Formation." Powder Technology, 21, 17-28. 
Stroud, M. A. (1971). "The Behaviour of Sand at Low Stress Levels in the Simple Shear Apparatus," 
PhD, University of Cambridge. 
Tabucanon, J. T. (1997). "Shaft Resistance of Piles in Sand," PhD, University of Sydney. 
Taylor, D. W. (1948). Fundamentals of Soil Mechanics, Wiley, New York. 
Tejchman, A., and Tejchman, J. (1994) "Scale Effect in Pile Model Tests due to Different Pile and 
Grain Diameters." I3th International Conference on Soil Mechanics and Foundation Engineering,7l7-
720. 
Terzaghi, K. (1943). Tfieoretical Soil Mechanics, Wiley, New York. 
Tika, T. E. (1999). "Ring Shear Tests on a Carbonate Sandy Silt." ASTM Geotechnical Testing 
Journal, 22(4), 342-355. 
Tika, T. E., Vaughan, P. R., and Lemos, L. J. (1996). "Fast Shearing of Pre-existing Shear Zones in 
Soil." Geotechnique, 46(2), 197-233. 
Tucker, K. D. (1987). "Uplift Capacity of Drilled Shafts and Driven Piles in Granular Materials." 
Foundations for Transmission Line Towers, J. L. Briaud, ed., 142-159. 
Turner, J. P. a. K., F.H. (1994). "Physical modelling of drilled shaft side resistance in sand." ASCE 
Geotechnical Testing Journal, 17(3), 282-290. 
Uesugi, M., and Kishida, H. (1986a). "Frictional Resistance at Yield Between Dry Sand and Mild 
Steel." Soils and Foundations, 26(4), 139-149. 
Uesugi, M., and Kishida, H. (1986b). "Inflential Factors of Friction Between Steel and Dry Sands." 
Soils and Foundations, 26(2), 33-46. 
Uesugi, M., Kishida, H., and Tsubakihara, Y. (1988). "Behaviour of sand particles in sand-steel 
friction." Soils and Foundations, 28(1), 107-118. 
Uesugi, M., Kishida, H., and Tsubakihara, Y. (1989). "Friction between sand and steel under repeated 
loading." Soils and Foundations, 29(3), 127-137. 
Development of a Large Diameter Ring Shear Apparatus and its UsejarMetfaee Testing 
Bibliography 243 
Valin, M. (1985). "Etude Experimentale des Interfaces Soil-Pieu: Essais de Cisaillement Direct a 
Rigidite Imposee.", University of Grenoble, Grenoble. 
Yoshimi, Y., and Kishida, T. (1981). "A Ring Torsion Apparatus for Evaluating Friction Between Soil 
and Metal Surfaces." ASTM Geotechnical Testing Journal, 4(4), 145-15 
Development of a Large Diameter Ring Shear Apparatus and its Use for Interface Testing I. 
